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Abstract

Advanced solid-state polymer electrolytes for electrochemical and energy storage applications are needed to
replace conventional liquid electrolytes that are unstable, flammable, and volatile. In particular, a fundamental
understanding of morphology-ionic conductivity relationships is necessary to improve the ionic conductivity
of ion-containing polymer systems. To this end, we investigate the structure-property relationships of
homopolymer and block copolymer systems containing imidazolium-based ionic liquids (ILs). We first
explore the effects of anion type and pendant alkyl chain length on the morphologies and properties of
polymerized ionic liquid (PIL) homopolymers with bound cations. In both acrylate-based and
vinylimidazolium PIL homopolymers, nanoscale segregation of polar and non-polar moieties is detrimental
for ionic conductivity. Increasing the length of alkyl pendant groups increases ion aggregation and decreases
ion mobility, while increasing the size of mobile anions decreases ionic aggregate formation and the glass
transition temperature, leading to increased ionic conductivity. The incorporation of hydroxyl-terminated
alkyl pendant groups in vinylimidazolium homopolymers further decreases compositional heterogeneity of
polar and non-polar moieties and increases ionic conductivity by one order of magnitude.
We then examine the morphology-ionic conductivity relationships of IL-containing block copolymers and
show that microdomain orientation, chain length, and confinement of polymer segments strongly impact
ionic conductivity. Non-ionic diblock copolymer/IL mixtures, with the same block copolymer composition,
display anisotropic lamellar morphologies, and morphology factors describing the extent of anisotropy are
determined from X-ray scattering data. Ionic conductivities increase when lamellar microdomains are aligned
parallel to the ion transport measurement direction and with increasing molecular weight. Self-consistent field
theory calculations predict a more uniform IL distribution within microdomains when molecular weight is
increased, suggesting that composition and dynamic gradients are detrimental to ionic conductivity. In
hydrophilic PIL copolymers, ion transport is heavily dependent on water content and monomeric sequence.
The conductivity of block copolymers is ten to fifteen times greater than that of random copolymers due to
the microphase separation of ion-conducting and insulating blocks and local enhancement in ion
concentration. At 90% relative humidity, several PIL block copolymers exhibit ionic conductivities that
exceed their analogous homopolymers, suggesting that confinement of PIL chains and water in microdomains
accelerates ion transport.
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ABSTRACT
STRUCTURE-PROPERTY RELATIONSHIPS OF IMIDAZOLIUMCONTAINING POLYMER SYSTEMS: HOMOPOLYMERS, BLOCK
COPOLYMERS, AND BLOCK COPOLYMER/IONIC LIQUID MIXTURES

Sharon Sharick
Karen I. Winey

Advanced solid-state polymer electrolytes for electrochemical and energy storage
applications are needed to replace conventional liquid electrolytes that are unstable,
flammable, and volatile. In particular, a fundamental understanding of morphology-ionic
conductivity relationships is necessary to improve the ionic conductivity of ioncontaining polymer systems. To this end, we investigate the structure-property
relationships of homopolymer and block copolymer systems containing imidazoliumbased ionic liquids (ILs). We first explore the effects of anion type and pendant alkyl
chain length on the morphologies and properties of polymerized ionic liquid (PIL)
homopolymers with bound cations. In both acrylate-based and vinylimidazolium PIL
homopolymers, nanoscale segregation of polar and non-polar moieties is detrimental for
ionic conductivity. Increasing the length of alkyl pendant groups increases ion
aggregation and decreases ion mobility, while increasing the size of mobile anions
decreases ionic aggregate formation and the glass transition temperature, leading to
increased ionic conductivity. The incorporation of hydroxyl-terminated alkyl pendant
groups

in

vinylimidazolium

homopolymers

further

decreases

compositional
vi

heterogeneity of polar and non-polar moieties and increases ionic conductivity by one
order of magnitude.
We then examine the morphology-ionic conductivity relationships of ILcontaining block copolymers and show that microdomain orientation, chain length, and
confinement of polymer segments strongly impact ionic conductivity. Non-ionic diblock
copolymer/IL mixtures, with the same block copolymer composition, display anisotropic
lamellar morphologies, and morphology factors describing the extent of anisotropy are
determined from X-ray scattering data. Ionic conductivities increase when lamellar
microdomains are aligned parallel to the ion transport measurement direction and with
increasing molecular weight. Self-consistent field theory calculations predict a more
uniform IL distribution within microdomains when molecular weight is increased,
suggesting that composition and dynamic gradients are detrimental to ionic conductivity.
In hydrophilic PIL copolymers, ion transport is heavily dependent on water content and
monomeric sequence. The conductivity of block copolymers is ten to fifteen times greater
than that of random copolymers due to the microphase separation of ion-conducting and
insulating blocks and local enhancement in ion concentration. At 90% relative humidity,
several PIL block copolymers exhibit ionic conductivities that exceed their analogous
homopolymers, suggesting that confinement of PIL chains and water in microdomains
accelerates ion transport.
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Chapter 1
Introduction

1.1.

Structure-Property Relationships of Ionic Liquids
Ionic liquids (ILs) are salts that are liquid below 100 ºC, characterized by

molecules with highly delocalized charge and bulky, asymmetric structures that inhibit
crystallization. ILs possess many attractive properties, such as high thermal stability,
wide electrochemical window, negligible vapor pressure, solubility in polar and nonpolar
media, and high neat ion conductivity. They have been investigated for numerous diverse
applications such as water treatment, green chemistry, processing and conversion of
biomass, electroactive devices, and energy storage.1 Common ionic liquids consist of a
polar cation functionalized with alkyl groups paired with a bulky cation. Examples of IL
cations and anions are given in Figure 1.1. Ionic liquids are protic or aprotic, depending
on whether the ions contain proton-donating sites.
Several widely studied imidazolium-based ionic liquids are derived from
imidazole, which is shown in Figure 1.2. The tertiary nitrogen atom can be quaternized,
imparting a permanent positive charge to the five-member ring, and both the 1-position
and 3-position nitrogen atoms can participate in reactions to tune the properties of the IL.
For example, alkyl functional groups as well as polymerizable substituents can be
incorporated to create asymmetric cations and even polyelectrolytes. The counteranion
can also be varied, which has been shown to affect the IL's thermal properties and
hydrophobicity. The diversity of chemical compounds that can be synthesized from
1

imidazole, as well as the high degradation temperatures, electrochemical window, and
ionic conductivities observed for imidazolium-based ionic liquids, make this set of
materials interesting from both a fundamental and applied standpoint.

Figure 1.1. Examples of cations and anions commonly used in ionic liquids.2

2

Figure 1.2. Chemical structure of imidazole, with ring sites numbered.

Ionic liquids in the bulk exist as a mixture of dissociated free ions, ion pairs, and
ionic aggregates. The formation of ion pairs and aggregates are driven by electrostatic
interactions. Dielectric spectroscopy data and molecular dynamics simulations have
suggested that ion pairs are short-lived, existing on picosecond to tens of picosecond
timescale.3-9 X-ray reflectivity; infrared, Raman, vibrational and dielectric spectroscopy;
NMR; rheology; and ab initio and density functional theory calculations have been used
to detect ionic aggregates in ionic liquids.10 The detection of a slow relaxation in
dynamics studies has been attributed to the cooperative motion of ions and the formation
of larger ionic aggregate structures.11 The presence of ionic aggregates is detrimental to
the ionic conductivity of ionic liquids due to the lowered concentration of free mobile
charge carriers.
The relative ease of varying the chemical structure of ionic liquids has enabled
extensive study of the relationships between chemical structure and mesoscale structure
of ILs. Structural heterogeneity has been observed in ionic liquids due to the segregation
of polar and nonpolar moieties.12-14 Canongia Lopes et al. performed molecular dynamics
simulations of a series of alkyl imidazolium-based ionic liquids, [Cnmim][PF6], where n
3

corresponded to the length of the alkyl side chain.14 The ionic liquids were found to selfassemble into nanodomains of nonpolar and polar groups, as shown in Figure 1.3. The
structure of [Cnmim][PF6] exhibited disconnected globular domains of nonpolar alkyl
chains at n = 2 that became increasingly interconnected with increasing n, leading to the
formation of bicontinuous sponge-like structures at n = 6, 8, 12. Triolo et al.
experimentally observed nanoscale ordering in [Cnmim][Cl] and [Cnmim][BF4] using Xray scattering (Figure 1.4).15 shows X-ray diffraction data for [Cnmim][Cl] and
[Cnmim][BF4]. A correlation peak indicative of nanoscale segregation was visible for
alkyl chain lengths n > 3. The correlation distance of nanophase segregated domains was
found to increase with n. This phenomenon was attributed to the aggregation of nonpolar
alkyl groups.16-20 For ionic liquids with long alkyl side chain lengths (n = 8-18), including
imidazolium-,

ammonium-,

piperidinium-,

pyrrolidinium-

piperazinium-,

and

morpholinium-based ILs, bilayer crystal structures and smectic phases have been
observed.21-25
The formation of nanoscale domains is also sensitive to cation chemistry and the
presence of functional groups. The lengthscale of structural heterogeneity was found to
be smaller for ionic liquids with nonaromatic piperidinium cations compared to their
aromatic imidazolium cation analogues.16 In other studies, the addition of polar
functional groups to side chains, including hydroxyl or ether groups, was found to
mitigate nanoscale structural heterogeneity in ionic liquids.26-28
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Figure 1.3. Molecular dynamics simulation data of the bulk structure of [Cnmim][PF6],
with charged groups (cation imidazolium ring and anion) shown in red and nonpolar
groups (cation alkyl side chain) shown in green. Used with permission from Reference
14. Copyright 2006 American Chemical Society.

Figure 1.4. X-ray diffraction data for alkyl imidazolium ionic liquid [Cnmim][Cl], as a
function of alkyl chain length n = 3, 4, 5, 8, 10, at 25 ºC. Inset: Correlation distances L
were determined from diffraction peak positions according to L = 2π/q*, where q*
corresponds to peak positions, and are shown in the inset as a function of n for the Cl
counterion (red circles) and BF4 counterion (green squares). Used with permission from
Reference 15. Copyright 2007 American Chemical Society.
5

Several studies have investigated the influence of structure on ionic liquid
properties. Tokuda et al. studied the effect of cation alkyl side chain length on the
properties of alkyl imidazolium-based ionic liquids and similarly observed a decrease in
diffusion coefficient, increase in macroscopic viscosity, and decrease in ionic
conductivity upon increasing the alkyl side chain length from n = 2 to n = 8.29 The ionic
conductivity data as a function of inverse temperature is shown in Figure 1.5. The
increase in size of the alkyl group increased the contribution of intermolecular van der
Waals interactions, resulting in increased friction between ions and ionic aggregates as
well as decreased ion dissociation. The diffusivity of ions was found to be dictated by ion
size and shape, such that the cation transference number, Dcation/(Dcation+Danion), decreased
with increasing size (increasing n) but exceeded that of the anion regardless of n due to
the planar shape of the cation.
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Figure 1.5. Ionic conductivity as a function of inverse temperature and alkyl chain length
for alkylimidazolium TFSI ((CF3SO2)2N) ionic liquids. Alkyl chain lengths are denoted
as the number of alkyl repeat units: n = 1 (methyl, mmim), n = 2 (ethyl, emim), n = 4
(butyl, bmim), n = 6 (C6mim), and n = 8 (C8mim). Used with permission from Reference
29. Copyright 2005 American Chemical Society.

Sangoro et al. studied the diffusion behavior of alkyl imidazolium-based ionic
liquids using dielectric spectroscopy and pulsed field gradient nuclear magnetic
resonance (PFG NMR) and verified that increasing molecular volume was correlated
with a decrease in diffusion coefficient, an increase in ion hopping activation energy, and
an increase in the mean ion jump length.30 Increasing the length of the cation alkyl side
chain from n = 3 to n = 8 resulted in an increase in the molecular volume by a factor of
1.6, while the mean ion jump length increased by a factor of 1.3.
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Huddleston et al. characterized the effects of cation alkyl chain length and anion
chemistry on alkyl imidazolium ionic liquid properties.31 Increasing the alkyl chain
length from n = 4 to n = 8 increased both the hydrophobicity and viscosity and decreased
the density. It was determined that anion type dictated ionic liquid hydrophilicity, with
chloride and iodide anions resulting in hydrophilic ionic liquids and PF6- and
bis(trifluoromethylsulfonyl)imide (TFSI-) anions resulting in hydrophobic ILs. Glass
transition temperatures were found to vary with anion type: Cl ~ PF6- > BF4- > TFSI-.
The effect of varying the cation center has also been investigated. Griffin et al.
compared the ion transport and dynamics of phosphonium- and ammonium-based ionic
liquids, where the cation consisted of a positively charged core functionalized with four
alkyl chains.32 The phosphonium analogue was found to have a lower glass transition
temperature and higher ionic conductivity than the ammonium analogue, as shown in
Figure 1.6. This was attributed to the higher charge localization of the phosphonium
cation and increased shielding effect of nonpolar alkyl chains, resulting in decreased
electrostatic interaction and friction between cations and anions and increased ion
mobility. Dynamic data suggested that both phosphonium- and ammonium-based ILs
exhibit structural heterogeneity caused by the segregation of polar and nonpolar groups.
The phosphonium analogue was found to exhibit less structural heterogeneity due to
reduced ionic interactions between the anion and cation core.
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Figure 1.6. Ionic conductivity as a function of inverse temperature and Tg-normalized
temperature

(inset)

of

phosphonium-

([P2228][NTF2])

and

ammonium-based

([N2228][NTF2]) ionic liquids.32

1.2.

Structure-Property

Relationships

of

Polymerized

Ionic

Liquid

Homopolymers
Polymerized ionic liquids (PILs) are single-ion conducting polymers derived from
ionic liquid-containing monomers, resulting in either the cation or anion moiety
covalently bound to the polymer backbone. These materials are amenable for numerous
electrochemical and energy storage applications, such as fuel cells, lithium-ion batteries
and actuators, as well as gas capture, separation, and storage.1, 33, 34 PILs can be used as
solid ion transport media with improved mechanical properties compared to their
monomer or ionic liquid counterparts, circumventing the issues of poor stability,
flammability, and electrolyte leakage associated with conventional liquid electrolytes or
ion transport media.

9

To understand the parameters governing the properties of PILs and develop
design strategies for these materials, the structure-property relationships of imidazoliumbased PILs have been studied extensively. In these cases, the imidazolium cation is
tethered and the counteranion is mobile. Several groups have investigated the effect of
anion type on the structure and properties of polymerized ionic liquids.35-38 In their work
with alkyl vinylimidazolium PILs (chemical structure shown in Figure 1.8), Green et al.
observed a systematic decrease in glass transition temperature and increase in polymer
stability as a function of anion type, where Tg decreased in the order Br- > BF4- > TfO- >
TFSI- and thermal degradation temperatures, Td, exhibited the opposite trend.37 Ionic
conductivity was found to be highest for TFSI--containing polymers due to their lower
Tgs. Ye and Elabd investigated the thermal and ion transport properties of a series of
methacrylate-based imidazolium PILs with various anions.38 Tg decreased in the order Br> PF6- > BF4- > TfO- > TFSI- and ionic conductivity similarly increased in the order PF6< BF4- < TfO- < TFSI-, shown in Figure 1.7. Ionic conductivity was thus found to be
strongly dictated by the segmental motion of the polymer. When the ionic conductivity
was normalized by Tg, the data did not collapse onto one curve and the conductivity of
TFSI- was found to be the lowest, suggesting that anion symmetry and size, as well as ion
pair dissociation energy, impact ion transport. Similar trends were observed in styrenebased PILs by Weber et al., however the conductivities of styrene PILs were found to be
lower than their methacrylate counterparts due to the larger molar volume of styrene
monomeric units and subsequent lower ion concentrations.39
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Figure 1.7. Ionic conductivity plotted as a function of (a) 1000/T and (b) Tg/T for
methacrylate imidazolium polymerized ionic liquids with varying counteranions: PF6(green squares), BF4- (blue diamonds), TfO- (purple triangles), and TFSI- (red circles).
Used with permission from Reference 38. Copyright 2007 Elsevier.

The effects of cation alkyl chain length, n, on structure and properties of alkylsubstituted imidazolium PILs have also been characterized. Both Salas de la Cruz et al.
and Green et al. studied PIL homopolymers containing imidazolium as a pendant group
and varied the length of the cation alkyl chain.37, 40 Salas de la Cruz et al. found that the
backbone-to-backbone correlation distance increased with increasing n, whereas the
correlation distances between anions and side chains remained constant.40 Green et al.
observed that the variation in Tg with alkyl chain length was anion-dependent, such that
11

Tg increased upon increasing n from 2 to 8 for Br- and BF4- and had a non-monotonic
dependence on n for TfO- and TFSI-.37 Figure 1.8 shows that the dependence of ionic
conductivity on n for TfO-- and TFSI--containing PILs followed the reverse trend of Tg,
with conductivity increasing with decreasing Tg as follows: butyl (n = 4) > ethyl (n = 2) >
octyl (n = 8).

Figure 1.8. Ionic conductivity as a function of 1000/T for alkyl-substituted imidazolium
PILs with varying alkyl chain lengths and TFSI- (Tf2N-) and TfO- counterions.40

Lee et al. investigated PILs that contained imidazolium cations in the backbone
segment of the polymer.41 Mono-imidazolium and bis-imidazolium PILs were
synthesized with one and two imidazoliums per repeat unit, respectively. The length of
alkyl spacer between cations was varied between (CH2)6 and (CH2)11 (short and long
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spacer, respectively), and the effects of anion type and random sequencing of short and
long spacers were also explored. PILs with long spacers were found to be semicrystalline
and exhibit lamellar morphologies, with imidazolium cations and counteranions
decorating the alkylene crystallites. Changing the anion type was found to influence
crystallinity and thermal transitions. All TFSI--containing PILs were amorphous except
for the PIL with regularly sequenced long spacers, whereas PF6--containing PILs were
only amorphous for PILs with regularly sequenced short spacers. The glass transition and
melting temperatures were lower for TFSI--containing PILs than PF6--containing PILs,
and TFSI--containing PILs also displayed higher ionic conductivities. Amorphous TFSI-containing mono-imidazolium PILs were found to have lower glass transition
temperatures, better thermal stability, and higher ionic conductivities than their bisimidazolium analogues.
For certain applications, it may be desirable to further improve the mechanical
properties of PILs. This can be done through the judicious choice of the ions and polymer
backbone chemistry. The material can be designed to be more mechanically rigid through
the introduction of units that have strong intra- and intermolecular associations, low free
volume, and low flexibility. However, for applications seeking to optimize ion transport
properties, these avenues are detrimental due to the association of ion conduction with
polymer segmental relaxation. Increasing the rigidity of the polymer matrix, or
decreasing the polymer segmental mobility, certainly decreases the ionic conductivity. It
is desirable to create ion-conducting polymers that preserve the segmental dynamics of a
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low-Tg polymer while also incorporating the properties of a second mechanically robust
component.
One potential strategy for mechanically reinforcing ILs and PILs is by
incorporating them in a block copolymer. A polymerized ionic liquid segment, or a
polymer segment that is miscible with an IL, can be covalently bonded to another
polymer that imparts good mechanical properties. Depending on their degrees of
polymerization, relative volume fractions, and chemical incompatibility, the disparate
polymer segments will self-assemble into microdomains that are rich in one monomer
type, on lengthscales commensurate with the size of the polymer chains. This creates a
fine microstructure of ion-conductive medium interspersed with a mechanically
reinforcing material. Globally, the block copolymer possesses the properties of multiple
polymers, and locally it exhibits the characteristics of the distinct polymer chains. The
structure-property relationships of several types of ion-containing block copolymers are
discussed in more detail in Sections 1.3.3 through 1.3.6.

1.3.

Structure-Property Relationships of Ion-Containing Block Copolymer
Systems

1.3.1. Block Copolymer Thermodynamics
Block copolymers consist of two or more polymer segments that are covalently
bonded together. A variety of molecular architectures are possible, as shown in Figure
1.942, including AB diblock copolymers, ABA and ABC triblock copolymers, pentablock
copolymers, ABC miktoarm copolymers, AB ring copolymers, and star copolymers. For
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the sake of discussion, consider a diblock copolymer consisting of two segments, A
segments and B segments. Depending on the degree of immiscibility between chemically
distinct monomers, the block copolymer will self-assemble into periodic structures rich in
A and B segments, or microdomains, in a process known as microphase separation. The
size of the microdomains depends on the chain size and is typically on the tens of
nanometer lengthscale. Block copolymer phase behavior is governed by a competition
between the enthalpic penalty of contacts between dissimilar monomers and the entropic
penalties of chain stretching during microphase separation, localizing chain junctions to
an interface, and maintaining a constant density in microdomains. This can be described
using three parameters: χ, the Flory-Huggins interaction parameter; N, the total degree of
polymerization of the block copolymer; and ϕ, the volume fraction of A segments. The
Flory-Huggins interaction parameter between A and B segments is the free energy per
monomer for A-B monomer contacts and defined using the lattice model as χAB = (Z/kBT)
[εAB - (εAA + εBB)/2], where Z is the number of nearest neighbor sites, εij is the interaction
energy per monomer, and kB is Boltzmann's constant. The temperature dependence is
given by χ = A + B/T, where the parameters A and B are chemistry dependent and
correspond to entropic and enthalpic contributions to χ. Small and negative values of χ
indicate miscibility between A and B segments. The equilibrium phase is also dictated by
the microdomain interfacial curvature, which increases as ϕ deviates from 0.5 to mediate
the stretching of dissimilar chains, and by the proclivity of the system to maintain a
uniform microdomain thickness. Block copolymers may exhibit order-to-disorder
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transitions, where mixing of dissimilar monomers becomes favorable at high
temperatures or small N.

Figure 1.9. Molecular architectures of block copolymers.42

Using mean field theory, Leibler calculated the phase diagram for a monodisperse
diblock copolymer melt composed of A and B monomers with identical monomeric
volumes and statistical segment lengths, interaction parameter χ, and degree of
polymerization N (Figure 1.10). Mean field theory predicted body-centered cubic sphere,
hexagonally packed cylinder, lamellar, and disordered morphologies and their χN and ϕ
dependence. A critical point at χN = 10.5 and ϕ = 0.5 corresponds to the transition from a
disordered to lamellar morphology.43
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Figure 1.10. Phase diagram for a monodisperse diblock copolymer melt with identical
monomeric volumes and statistical segment lengths, calculated by mean field theory.
Used with permission from Reference 43. Copyright 1980 American Chemical Society.

The block copolymer phase diagram was refined by Matsen using self-consistent
field theory and predicted additional bicontinuous gyroid and close-packed sphere
morphologies in the intermediate segregation regime, as shown in Figure 1.11.44 In
systems exhibiting intermediate segregation, domain spacing d scales with degree of
polymerization and segment interaction parameter as d ~ aN4/5χ1/6, where a is the
statistical segment length.
17

Figure 1.11. Phase diagram for a diblock copolymer melt with equal statistical segment
lengths, calculated using self-consistent field theory. The phase diagram predicts lamellar
(L), hexagonally packed cylinder (H), body-centered cubic spheres (
spheres (CPS), and bicontinuous double gyroid (

), close-packed

) morphologies. Used with

permission from Reference 44. Copyright 1996 American Chemical Society.

The strong segregation regime corresponds to χN > 100. Semenov calculated the
microdomain spacing d to scale as d ~ aN2/3χ1/6.45 In this regime, block copolymer chains
are highly stretched compared to a Gaussian conformation, for which d ~ N1/2.
Characteristics of the strong segregation regime include narrow interfaces between
microdomains and sharp concentration profiles, or high composition purity in
microdomains. This is shown in Figure 1.12, which plots concentration profiles for
symmetric lamellar diblock copolymers as a function of χN.44
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Figure 1.12. Concentration profiles for A-segments in symmetric lamellar A-B diblock
copolymers with varying χN, plotted as a function of position normalized by the lamellar
repeat unit spacing. Used with permission from Reference 44. Copyright 1996 American
Chemical Society.

1.3.2. Ion-Containing Block Copolymer Systems
Block copolymers are an attractive framework for membrane and small molecule
transport applications, including water filtration 46-48, gas separation 48-51, drug delivery 47,
52, 53

, and electrochemical devices

33, 54-57

, due to their self-assembled nanostructured

morphology, processability, and diverse functionality and properties. Their morphology
and properties are controlled by varying parameters such as molecular weight,
composition, chemistry of monomeric units, interaction strength between monomeric
units, and processing conditions. In particular, the ability to synthesize block copolymers
with both sturdy mechanical properties and ion transport capabilities and the self19

assembly of block copolymers into well defined, periodic nanoscale structures makes
them interesting functional materials for ion transport applications. There is widespread
interest in using ion-containing block copolymers as solid electrolytes in batteries and as
proton- or anion-exchange membranes in fuel cells. Macroscopically, the material is a
solid due to the rigidity of one segment, which is useful for preventing Li dendrite growth
in batteries and electrolyte leakage in electrochemical devices. Locally, the ionconducting and non-ion-conducting segments are microphase separated. Ideally this
allows ions to conduct through ionic microdomains in a manner similar to ion-containing
homopolymers, without the influence of non-conductive polymer chains. Since block
copolymer morphologies and properties are intimately related, the study of structureproperty relationships advances the ability to predict and target certain properties based
on knowledge of the material structure. These studies enable the rational design of ioncontaining block copolymer membranes for a variety of applications.
In an attempt to describe ion transport through a block copolymer in terms of its
composition, morphology, and inherent conductivity, the Sax-Ottino model is frequently
employed.58 The Sax-Ottino model is based on effective medium theory and treats a
block copolymer as a composite of conducting and non-conducting phases. The effective
conductivity through the block copolymer, σ, is described by the expression
σ = σcϕcf

(1.1)

where σc is the inherent conductivity of the conductive microphase, ϕc is the volume
fraction of the conductive microphase, and f is the morphology factor, which accounts
for the shape, orientation, connectivity, and tortuosity of conductive microdomains. For
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block copolymers with randomly oriented microdomains, f is 1/3 for a cylindrical
morphology (1D conductive microdomains), 2/3 for a lamellar morphology (2D
conductive microdomains), and 1 for a bicontinuous morphology (3D morphology) or
morphology with continuous conductive microdomains, such as inverted spheres or
cylinders. This model assumes that (1) the lengthscale of inhomogeneity (in this case, the
lengthscale of microphase separation) is much less than the lengthscale of an isotropic
bulk material, (2) the bulk structure is isotropic, and (3) microdomains in adjacent grains
are well connected. When σc is assumed to be the conductivity of the analogue
homopolymer system, this expression directly compares the ionic conductivity of ioncontaining microdomains in a block copolymer with that of a homopolymer. To compare
experimentally measured conductivity values with those predicted by the Sax-Ottino
model, the normalized conductivity, σn, is employed:
σn = σ/σcϕcf

(1.2)

Thorough studies are needed to understand how the morphology and ionic
conductivity of block copolymers are influenced by several parameters, including
polymer chain length (N), volume fraction (ϕc), miscibility between polymer segments,
miscibility between polymeric and ionic species, processing, and microdomain
orientation. The morphology-ionic conductivity relationships of a variety of ioncontaining block copolymer systems have been explored in depth and are reviewed in the
following sections. Section 1.3.3 describes studies pertaining to block copolymer-salt
mixtures. In Section 1.3.4, the structure-property relationships of non-ionic block
copolymer-ionic liquid mixtures are discussed. Section 1.3.5 details the morphology-
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ionic conductivity relationships of several polymerized ionic liquid block copolymer
systems. Finally, Section 1.3.6 discusses the influence of morphology on the ionic
conductivity of oriented ion-containing block copolymer systems.

1.3.3. Block Copolymer-Salt Mixtures
There has been a great deal of work investigating the structure-property
relationships of diblock copolymer/salt mixtures, in which ionic moieties are miscible
with one of the blocks. It is expected that the nanostructured morphology, the
confinement of the conductive microdomain, interfaces between conductive and
nonconductive microdomains, local ion concentration, and degree of long-range order all
impact ionic conductivity in block copolymers.
Several studies have examined the effects of molecular weight and salt
concentration on the morphology of block copolymer/salt mixtures as well as the impact
of morphology on ionic conductivity. Wanakule et al. studied the thermodynamic
behavior of mixtures

of

poly(styrene-b-ethylene oxide) (SEO)

with

lithium

bis(trifluoromethylsulfonyl)imide (LiTFSI) and 1-ethyl-3-methylimidazolium TFSI
(ImTFSI) over a range of salt concentrations ([cation]:[EO] = 0 to 0.05).59 The authors
found that the salts behaved as selective solvents for the polar polyethylene oxide (PEO)
segment and that increasing the salt concentration increased the volume fraction of PEOsalt microphase, inducing morphological transitions. The observed morphologies
(disordered, lamellae, gyroid, hexagonally packed cylinders) occurred at higher volume
fractions compared to classical non-ionic block copolymer phase behavior. The impact of
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salt concentration and anion type on the effective Flory-Huggins interaction parameter,
χeff, between conductive and non-conductive segments was also studied and compared to
theoretic l c lcul tions. χeff was escribe by the expression χeff = χneat + mr, where χneat is
the interaction parameter of the neat block copolymer, r is the salt concentration, and m is
a system-variant parameter that depends on the bulk dielectric constants of the
copolymers, copolymer statistical segment lengths, ion size, and ion dissociation.
Experimental χeff values followed predicted trends, increasing with salt concentration and
having a sharper composition dependence (larger m) with decreasing anion size, but were
lower than values predicted by theory by a factor of ~4 to 5. The similarity in phase
behavior between the two salt types, including the composition-dependence of phase
transitions and χeff, indicated that the thermodynamics of these diblock copolymer/salt
mixtures were heavily dependent on interactions between the anion and PEO. Gunkel and
Thurn-Albrecht

lso observe

line r incre se in χeff with salt concentration in

SEO/LiCF3SO3 and poly(styrene-b-2-vinyl-pyridine) (S2VP)/LiCF3SO3 mixtures.60 They
observed an increase in order-to-disorder transition temperature and domain spacing for
both mixtures, as well as enhanced chain stretching at high salt concentration due to
coordination between cations and polymer segments. The addition of salt to block
copolymers was thus found to change their thermodynamic properties and increase the
immiscibility between segments.
However, additional experimental work disputed the linear composition
depen ence of χeff in block copolymer/salt mixtures. Teran and Balsara studied the effects
of salt concentration and molecular weight on the effective interaction parameter of
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SEO/LiTFSI mixtures, with MSEO ranging from 2.7 to 13.7 kg/mol.61 The authors found
th t χeff rapidly increased at [Li+]:[EO] < 0.02 and exhibited a plateau for 0.02 <
[Li+]:[EO] < 0.10. The steepness of the increase at low salt concentration was also found
to be gre ter for lower

olecul r weight. Counterintuitively, χeff was found to decrease

over 0.03 ≤ [Li+]:[EO] ≤ 0.10 for a SEO/salt mixture with Mn,PS = 1.9 kg/mol and Mn,PEO
= 0.8 kg/mol.
Cho et al. investigated the morphology-ionic conductivity relationship of
poly(ethylene-b-ethylene oxide) (EEO) dendrons mixed with LiCF3SO3 salt and found
the conductivity to increase with increasing connectivity of conductive microdomains.62
EEO dendron/salt mixtures exhibited phase transitions with increasing temperature from
lamellae to hexagonally packed PEO cylinders to bicontinuous gyroid morphology. The
ionic conductivity displayed corresponding changes, increasing by over an order of
magnitude due to the melting of crystalline PEO lamellae, decreasing by one order of
magnitude due to the melting of PE crystals and transition from a 2D lamellar structure to
a 1D cylinder structure, followed by an order of magnitude increase upon transition from
a 1D cylinder to 3D gyroid structure.
Young et al. characterized the morphologies and conductivities of SEO mixed
with lithium perchlorate salt (LiClO4) at a constant salt concentration and various PEO
volume fractions.63 Lamellar (LAM), hexagonally perforated lamellar (HPL), and
hexagonally packed PS cylinder (HEX) morphologies were observed, with ionic
conductivity increasing as a function of the dimensionality and connectivity of
microdomains: LAM (2D) < HPL (3D) < HEX (3D). Morphology factors assessed using
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the Sax-Ottino model were also found to be greater for 3D structures than 2D structures,
with f ~ 0.55 and 0.74 for HPL and HEX morphologies, respectively, and f ~ 0.14 for
LAM. The low morphology factor observed for lamellar SEO/LiClO4 was attributed to
poor connectivity of microdomains across grain boundaries. This study illustrated the
significant influence of morphology on ionic conductivity in block copolymer/salt
mixtures.

Figure 1.13. Morphology factors of PS-b-PEO/LiClO4 mixtures as a function of
temperature and PEO volume fraction. The morphologies of SO70P24, bSO73P24, and
SO75P24 were LAM, HPL, and HEX, respectively. Used with permission from Reference
63. Copyright 2014 American Chemical Society.

Other studies found the ionic conductivity of block copolymer/salt systems to be
independent of morphological transitions. For SEO/LiTFSI systems with continuous
25

PEO/salt microphases, Wanakule et al. observed no discontinuities in normalized ionic
conductivity

near

temperature-dependent

order-to-disorder

and

order-to-order

transitions.64 They focused on materials that exhibited lamellae-to-gyroid, hexagonally
packed cylinders-to-disordered, and lamellae-to-disordered morphological transitions.
This contrasted with effective medium theory, which predicted a discontinuity in
temperature-dependent normalized conductivity as a result of morphological changes.
In their study of S2VP/LiClO4 mixtures, Naidu et al. observed temperaturedependent phase transitions at several salt concentrations and compared the ionic
conductivities of mixtures with different kinetically trapped morphologies, attained by
quenching from above and below their order-to-order and order-to-disorder transition
temperatures.65 No morphology-dependent discontinuities in ionic conductivity were
observed for mixtures that exhibited disordered to body-centered cubic (BCC), BCC to
HEX, and HEX to LAM morphological transitions at fixed salt concentrations.
Confinement of polymer segments and interfaces between microdomains affect
the chain dynamics in ion-containing block copolymers, which in turn affect ionic
conductivity. Ganesan et al. studied the ionic conductivity of lamellar block copolymers
and homopolymers mixed with salt by coarse-grained simulation.66 The authors found
that conductivity in block copolymers increased with increasing molecular weight due to
high ion concentrations in the centers of conductive microdomains relative to the
interfaces with restricted chain mobility. In contrast, homopolymers displayed a decrease
in conductivity with increasing molecular weight, which was attributed to a decrease in
the local concentration of free chain ends that can aid ion transport.

26

In experimental work on block copolymer/salt mixtures, a similar molecular
weight dependence of ionic conductivity was also observed. Singh et al. and Panday et
al. investigated hexagonally perforated lamellar and lamellar polystyrene-b-poly(ethylene
oxide) (SEO) with LiTFSI salt and concluded that increasing the molecular weight of
PEO (MPEO) led to increased ion dissociation in the center of PEO domains as well as an
increased Li+ diffusion coefficient due to chain stretching and reduced PEO/Li+
coordination.67, 68 Singh et al. studied ion transport above the glass transition temperature
in HPL and lamellar SEO/LiTFSI salt systems and observed an increase in conductivity
with molecular weights of PEO (MPEO) ranging from 16.3 to 98.1 kg/mol.67 They
concluded that a higher MPEO led to increased charge dissociation in the center of PEO
domains as well as an increased Li+ diffusion coefficient due to chain stretching and
reduced PEO/Li+ coordination. They also noted a maximum conductivity for a Li+ ion to
ethylene oxide ratio (r) of 0.067, attributing the drop in conductivity at salt
concentrations greater than 0.067 to ionic aggregation and polymer crosslinking. For high
molecular weight SEO (MPS = 74 kg/mol, MPEO = 98 kg/mol), they observed a
morphology factor approaching 0.67, the theoretical maximum for an isotropic lamellar
structure based on the Sax-Ottino model. In their work focused on lamellar and HPL
SEO/LiTFSI systems, Panday et al. observed an increase and plateau in conductivity with
increasing MPEO (from 7 to 98 kg/mol) and increasing salt concentration (r = 0 to 0.1), as
well as an increase in the domain spacing.68 They reported a normalized ionic
conductivity (Eq. 2) of ~1 for polymers with r = 0.085 and MPEO = 54 kg/mol and 98

27

kg/mol, indicating that experimentally measured conductivity values were in agreement
with those predicted by the Sax-Ottino model.
Yuan et al. studied lamellar, approximately symmetric SEO/LiTFSI systems with
low MPEO ranging from 1.2 to 7.3 kg/mol (MSEO ranging from 2.7 to 13.7 kg/mol).69 As
MSEO increased, the authors observed a decrease followed by an increase in normalized
conductivity, which they believed was due to an increase in Tg of non-conductive PS and
corresponding change in chain dynamics of PEO. They also proposed that for lower
molecular weight block copolymers, ion transport was inhibited due to limited PEO
segmental motion near the PS-PEO interfacial region. In these cases, the molecular
weight dependence of conductivity in block copolymers was consistent with Ganesan and
co-workers’ si ul tion results.
Furthermore, previous experimental work suggests that differences in the chain
conformation near block copolymer interfaces affect the distribution of ions within ioncontaining block copolymers. Gomez et al. interrogated the morphology of SEO/LiTFSI
block copolymers using energy-filtered transmission electron microscopy (EFTEM) and
found that there was a concentration gradient of ions within PEO/salt domains.70 The ions
became increasingly localized in the centers of PEO/salt domains with increasing
molecular weight of PEO, which the authors correlated with self-consistent field theory
results showing increased local chain stretching near the interface for longer chains. This
non-uniform concentration of ions is different from the expected local environment of
ion-containing homopolymers. These studies illustrate how ion transport through the
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conductive domains of block copolymers is greatly influenced by confinement and
interfacial regions.
While long-range order of microdomains is typically thought to benefit ion
transport in block copolymers, several studies have demonstrated the opposite, namely
poor long-range order enhances ionic conductivity in block copolymer/salt mixtures.
Yuan et al. and Mullin et al. studied the effect of heat treatment on the morphology and
ionic conductivity of lamellar and cylindrical SEO mixed with LiTFSI salt and both
concluded that grain boundaries are advantageous to ion transport in block copolymers.69,
71

Both studies reported a higher ionic conductivity for block copolymers with smaller

grains and poor order, whereas a lower ionic conductivity was observed for materials
with long-range order and larger grains formed by slower cooling. Their results suggested
that ion transport through grain boundaries was more rapid than through conductive
PEO/IL domains. Chintapalli et al. also found that the ionic conductivity of SEO/LiTFSI
mixtures decreased with increasing grain size.72 The evolution in morphology, grain size,
and conductivity were monitored as a freeze-dried, unannealed sample was heated and
annealed at various temperatures between 30 and 116 ºC, then cooled to 30 ºC, which
resulted in a structural change from a disordered, small-grain structure to an ordered
lamellar structure with larger grains. Temperature-normalized ionic conductivity data as a
function of grain size, L, are shown in Figure 1.14, as well as TEM images of the freezedried and annealed SEO/LiTFSI mixtures. The activation energies for ion transport,
obtained by fitting temperature-dependent conductivity scans measured on heating and
cooling, were comparable for small- and large-grain structures, but as shown in Figure
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1.14, the ionic conductivity at 30 ºC was five times greater for the smallest grain size (L ~
10 nm) compared to the largest grain size (L ~ 90 nm).

Figure 1.14. Temperature-normalized ionic conductivity as a function of grain size, L, in
SEO mixed with LiTFSI salt. Grain size was determined by taking the inverse of the fullwidth half-maximum of the primary scattering peak (not shown). Annealing temperatures
are indicated by the color scale. STEM micrographs show the structure and grain size of
freeze-dried and annealed mixtures. Adapted with permission from Reference 72.
Copyright 2014 American Chemical Society.

1.3.4. Non-Ionic Block Copolymer-Ionic Liquid Mixtures
The structure-property relationships of nanostructured block copolymers mixed
with ionic liquids (ILs), or molten salts, have also been investigated by several groups.
Ionic liquids typically function both as plasticizers for the ion-containing block and as a
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source of charge carriers. Classical block copolymer morphologies were observed in
block copolymer/ionic liquid mixtures of SEO and EMImTFSI, poly(1,2-butadiene-bethylene oxide) (BEO) and EMImTFSI, BEO and 1-butyl-3-methylimidazolium
hexafluorophosphate (BMImPF6), and S2VP and imidazolium TFSI (ImTFSI).73-76
Virgili et al. examined the phase behavior of S2VP mixed with ImTFSI for several
molecular weights, block copolymer compositions, and ImTFSI concentrations.75,

76

ImTFSI behaved as a selective solvent for the P2VP block and induced phase transitions
with increasing ImTFSI content. Figure 1.15 shows a phase map of the investigated
compositions, revealing a variety of morphologies such as body-centered cubic spheres,
face-centered cubic spheres, hexagonally close packed cylinders, lamellae, and
disordered morphology. Morphologies with P2VP/ImTFSI as the matrix microphase were
observe for swollen block copoly ers with block copoly er co positions 0.29 ≤ ϕPS ≤
0.62. With increasing ImTFSI content, the degree of chain stretching and the order-todisorder transition temperature increased, indicating increased immiscibility between PS
and P2VP/ImTFSI microphases. The authors noted that this increase in segregation
strength was greater than what had been previously shown for block copolymer/selective
non-ionic solvent mixtures. The thermal properties of S2VP/ImTFSI mixtures were also
characterized (Figure 1.16). At low ImTFSI content (ϕIL ≤ 0.07) the ionic liqui beh ve
as a salt and increased the glass transition temperature of the P2VP microphase due to
ionic crosslinking. Upon further addition of ImTFSI, Tg of P2VP was found to decrease
and was dictated by the weight fraction of ImTFSI in the P2VP microdomain, not the
overall ImTFSI content in the block copolymer/IL mixture. Thermal characterization
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revealed ionic liquid crystallization and melting transitions in one S2VP/ImTFSI mixture
(ϕIL = 0.60), suggesting that specific interactions between P2VP and IL or intermolecular
IL interactions facilitated the formation of ImTFSI-rich regions.

Figure 1.15. Phase map of S2VP mixed with ImTFSI at 145 ºC as a function of total
volume fraction of polymer in the mixture, ϕP, and block copolymer composition, fPS.
Observed phases include lamellae (L), hexagonally close-packed (HCP) PS cylinders
(CPS), HCP P2VP cylinders (CP2VP), FCC and BCC PS spheres (SPS,FCC and SPS,BCC,
respectively), and micelles with liquid-like order (DM). Used with permission from
Reference 76. Copyright 2010 American Chemical Society.
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Figure 1.16. (a) DSC thermograms of S2VP mixed with ImTFSI as a function of total
volume fraction of polymer in the mixture, ϕP. (b) Glass transition temperature of the
P2VP/ImTFSI microdomain as a function of ImTFSI content in the microdomain for
various S2VP molecular weights. Adapted with permission from References 75 and 76.
Copyright 2010 American Chemical Society.

Several investigators also characterized the self-assembled micellar structures of
dilute solutions (1 wt% block copolymer) of BEO/EMImTFSI, BEO/BMImPF6, and
SMMA/BMImPF6, where the ionic liquid was selective for PEO or PMMA chains.74, 77, 78
Block copolymers formed micelles to balance the energetic effects of chain stretching in
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the micelle core, A-B monomer contacts, and repulsive interactions between corona
chains. The authors observed spherical and wormlike micelles and bilayer vesicles, and
transitions between micellar structures were achieved by varying block copolymer
composition. Example micrographs are shown in Figure 1.17 for the BEO/BMImPF6
system.

Figure 1.17. Cryo-TEM images of dilute solutions (1 wt%) of BEO in BMImPF6,
showing self-assembled spherical and worm-like micelles and vesicles. The block
copolymer composition, fPEO, is indicated in the top right corner. Adapted with
permission from Reference 78. Copyright 2006 American Chemical Society.
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In S2VP/imidazolium TFSI (ImTFSI) and S2VP/1-ethyl-3-methylimidazolium
TFSI (EMImTFSI) mixtures, Hoarfrost et al. showed that increasing the weight fraction
of IL in P2VP resulted in an increase in ionic conductivity due to a corresponding
decrease in Tg of the P2VP/IL microdomain.79 Interestingly, the authors observed that
block copolymers with different compositions but the same total volume fraction of IL
had the same conductivity at high temperature, and they expected this comparison to be
valid for block copolymers and homopolymers. They reported that there was a negligible
change in ionic conductivity as a function of molecular weight for S2VP/IL mixtures and
observed no change in ionic conductivity as a function of morphology in their materials,
which formed isotropic lamellae, hexagonally close packed PS cylinders, PS spheres, and
disordered morphology, with continuous P2VP/IL microdomains. In another study,
Hoarfrost et al. studied poly(styrene-b-methyl methacrylate) (SMMA) mixed with
ImTFSI and observed an increase in conductivity with increasing volume fraction of IL,
again due to decreased Tg of the PMMA/IL microdomain.80 The authors concluded that
conductivity was governed mainly by the volume fraction of IL and connectivity of ionic
liquid moieties rather than connectivity of conductive domains, such that the hightemperature conductivity of block copolymer/IL mixtures and homopolymer/IL mixtures
with the same volume fraction of IL should be the same.
Simone and Lodge studied the phase behavior of SEO mixed with EMImTFSI
and performed ionic conductivity measurements to understand the morphology-ion
transport relationship of this system.73 Hexagonally packed cylinder, lamellar, and
inverted hexagonally packed cylinder (PS cylinders) morphologies were attained by
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adjusting EMImTFSI concentration at a particular molecular weight, whereas cylinder-tolamellae and lamellae-to-inverted cylinder transitions were observed by tuning block
copolymer composition at a given EMImTFSI concentration. As shown in Figure 1.18,
the ionic conductivity was observed to increase at constant EMIm cation-to-ether oxygen
(EMIm:EO) ratio upon increasing PEO volume fraction, while holding MPS constant.
This also corresponded to a transition from lamellar to coexisting lamellar/inverted
cylinder morphologies. In addition to the morphology transition, the authors attributed
the increase in conductivity to the increase in PEO molecular weight, which lowered the
fraction of PEO segments experiencing chain stretching near PS-PEO interfaces and led
to an overall enhancement in PEO dielectric constant and ion dissociation. Ionic
conductivity was also found to increase with increasing ionic liquid content, up to
EMIm:EO = 0.25. This differed from the behavior of PEO mixed with lithium salts,
which exhibited a decrease in conductivity at high salt loading due to the strong
coordination of lithium cations and PEO. The bulky structure and charge delocalization
of EMImTFSI inhibited ionic crosslinking of PEO chains and allowed ionic conductivity
to increase with increasing ion content.
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Figure 1.18. (a) Ionic conductivities of SEO/EMImTFSI mixtures at an EMIm:EO ratio
of 0.25 as a function of temperature and PEO molecular weight. Molecular weight of PS
is held constant at 19.7 kg/mol. Mixtures exhibit lamellar (L) and coexisting
lamellar/cylindrical (L/C) morphologies. Adapted with permission from Reference 73.
Copyright 2009 American Chemical Society.

Gwee, Choi, et al. established the influence of processing, morphology, and
microdomain orientation on ion transport in SMMA/EMImTFSI mixtures.81 The authors
observed that the morphology of cast films was affected by the selectivity of the casting
solvent for either PS or PMMA. An increase in ion conductivity was observed as
EMImTFSI content was increased, which corresponded to a decrease in the glass
transition temperature of the PMMA/EMImTFSI microdomain, increase in volume
fraction of PMMA/EMImTFSI, and a transition in morphology from lamellae to
hexagonally packed cylinders, or from hexagonally packed cylinders to disordered
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morphology. Furthermore, the orientation of microdomains was found to have a profound
influence on ion transport, with enhanced ionic conductivity observed parallel to the film
compared to normal to the film for anisotropic lamellar and cylindrical morphologies,
shown in Figure 1.19. These results demonstrated the impact of microdomain orientation
and tortuosity on ionic conductivity.

Figure 1.19. Ionic conductivity as a function of composition for SMMA mixed with
EMIm-TFSI cast from toluene, measured through-the-plane (red) and in-the-plane
(purple) of the film. The conducting phase is PMMA mixed with EMIm-TSFI. The film
morphologies are lamellae (L) and hexagonally close-packed cylinders (C). Used with
permission from Reference 81. Copyright 2007 Elsevier.

S. Kim et al. and O. Kim et al. investigated the effects of anion type, cation type,
and sulfonation level on the morphologies and ionic conductivities of mixtures of
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poly(styrene sulfonate-b-methyl butylene) (SSMB) and various ionic liquids.82-84
Changing the anion and cation chemistry tuned the miscibility of ionic liquid with the
sulfonated PS block, which affected the resulting degrees of chain stretching, interfacial
curvature, room-temperature morphology, and temperature-induced phase transitions.
Figure 1.20a and Figure 1.21a show phase maps demonstrating the rich phase behavior
observed by tuning anion and cation chemistry and ionic liquid content. Increasing the
sulfonation level was found to increase the uptake of ionic liquid, depending on the
miscibility of the ionic liquid with SSMB. The authors established the morphology-ion
transport relationship and found that both the connectivity of ion-containing
microdomains and the increased sulfonation level were beneficial for ionic conductivity,
as shown in Figure 1.20b. In addition, anion and cation chemistries were found to impact
ionic conductivity of SSMB/ionic liquid mixtures. Increased ionic liquid polarity, which
was indicated by faster solvation time, was correlated with increased conductivity. The
location of protic sites and alkyl functional groups on heterocyclic cations critically
determined the extent of ionic bonding with sulfonated PS, availability of protic sites for
proton transport, the proton transport mechanism, and the overall ionic conductivity, as
shown in Figure 1.21b. Tuning the anion chemistry was also found to govern the
roughness of the PMB/sulfonated PS interface, with higher interfacial roughness resulting
in a decreased ionic conductivity. Figure 1.22 shows that the normalized ionic
conductivity of SSMB/ionic liquid mixtures, determined by the Sax-Ottino model, was
decreased by almost an order of magnitude for over a two-fold increase in interfacial
roughness when the anion was changed from BF4- to MS-.
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Figure 1.20. (a) Phase maps of SSMB mixed with various imidazolium-based ionic
liquids, demonstrating the rich phase behavior accessible by tuning ionic liquid loading,
SSMB molecular weight, and anion chemistry. Degrees of polymerization N = 191 and
340 correspond to S50MB73 and S89MB130, respectively. Observed morphologies include
lamellae (LAM), hexagonally perforated lamellae (HPL), hexagonally close-packed
cylinders (HEX), coexisting lamellae and hexagonal cylinders (LAM + HEX), and
spherical domains (S). (b) In-plane (filled symbols) and through-plane (open symbols)
normalized ionic conductivities of SSMB with 30 wt% ionic liquid at 165 ºC.
Conductivity is normalized by sulfonation level and plotted as a function of ionic liquid
content. Dashed lines indicate phase boundaries. Used with permission from Reference
82. Copyright 2011 American Chemical Society.
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Figure 1.21. (a) Phase map of SSMB mixed with various ionic liquids, demonstrating the
rich phase behavior accessible by tuning temperature and cation chemistry. Chemical
structures of investigated ionic liquids are shown. Observed morphologies include
disordered (D), lamellae (LAM), hexagonally close-packed cylinders (HEX), and gyroid
(G). (b) Temperature-dependent, Tg-normalized ionic conductivities and morphology
factors for SSMB mixed with various ionic liquids, varying the cation moiety. Adapted
with permission from Reference 83. Copyright 2012 American Chemical Society.
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Figure 1.22. Temperature-dependent, Tg-normalized normalized ionic conductivities,
determined by the Sax-Ottino model, and interfacial roughness determined by X-ray
reflectivity for SSMB mixed with various ionic liquids, where the cation is EMIm and the
anion is indicated. Adapted with permission from Reference 84. Copyright 2013
American Chemical Society.

1.3.5. Polymerized Ionic Liquid Block Copolymers
As described above, polymerized ionic liquids (PILs) are single-ion conducting
polymers that incorporate a covalently bound ionic liquid moiety and counterion on each
repeat unit. Their thermal and chemical stability as well as wide electrochemical window
have made them an appealing class of materials among solid polymer electrolytes.
Electrode polarization as well as leaching of ions from the material is prevented by
having one ion bound to the polymer. Recently, several groups have demonstrated that
PIL segments can be incorporated in block copolymers. Diblock copolymers composed
of a glassy, mechanically robust polymer segment and a conductive PIL segment exploit
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the self-assembled nanostructured morphologies of block copolymers and exhibit the
properties of both polymers. The glassy block allows the material to remain solid at high
operating temperatures, while the PIL imparts excellent ionic conductivity to the
membrane.
Classic microphase separated block copolymer morphologies such as lamellae,
hexagonally close packed cylinders, and BCC spheres have been observed in strongly
microphase separated PIL block copolymer systems.85-87 Scalfani et al. characterized the
morphologies of poly(norbornene)-based imidazolium-containing PIL block copolymers,
poly(norbornene dodecyl ester-b-norbornene imidazolium) (DOD-IMD) with 42 to 96
vol% DOD.85 DOD-IMD block copolymers exhibited a variety of morphologies,
including lamellae, hexagonally packed spheres, body-centered cubic spheres, and liquidlike packing of spheres. Figure 1.23 shows the phase diagram of DOD-IMD block
copolymers as a function of DOD volume fraction and temperature. Below 96 vol% DOD
and 200 ºC, the authors did not observe order-to-disorder transitions in these block
copolymers, even for a block copolymer with Mn = 5000 g/mol, suggesting that these
block copolymers were in the strong segregation regime with a large χ interaction
parameter between the two polymer segments.
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Figure 1.23. Phase diagram of DOD-IMD diblock copolymer as a function of
temperature and volume fraction of DOD segment, determined by SAXS measurements.
Observed morphologies included lamellae (Lam), hexagonally packed cylinders (Hex),
BCC spheres (SBCC), spheres with liquid-like packing (LLP), and disordered (denoted by
x symbols). Used with permission from Reference 85. Copyright 2012 American
Chemical Society.

Several studies have elucidated the influence of structure on ionic conductivity in
PIL block copolymers and commented on the ion transport mechanism. Weber et al.
emphasized the importance of long-range morphological order to attain good ionic
conductivity

in

poly(styrene-b-4-vinylbenzyl

alkylimidazolium

TFSI)

(PS-b-

PVBn(alkyl)ImTFSI).86 The authors observed an increase in ionic conductivity with
increasing volume fraction of PVBn(hexyl)ImTFSI (PIL). As shown in Figure 1.24a, the
conductivity increased over an order of magnitude upon changing the composition from
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34 to 50 vol% PIL, which coincided with a morphological transition from coexisting
hexagonally packed cylinders and lamellae to lamellae. The conductivity of the lamellaeforming PIL block copolymer was half an order of magnitude less than that of the
corresponding homopolymer, PVBn(hexyl)ImTFSI. The morphology factors were
determined using the Sax-Ottino model and are shown as a function of inverse
temperature in Figure 1.24b. The average morphology factor was also observed to
increase from 0.04 for the cylinder-forming sample to 0.52 for the lamellar sample due
to an increase in long-range order and connectivity of PIL microdomains and reduction in
defects. The authors observed the significant impact of processing on the ionic
conductivity of these PIL block copolymers. PIL block copolymers prepared by solvent
casting exhibited ionic conductivities an order of magnitude greater than samples with the
same PIL content prepared by melt-pressing. Though both samples exhibited coexisting
cylindrical and lamellar morphologies, the solvent-cast sample had SAXS data with
noticeably more well-defined scattering peaks and better long-range order. Negligible
changes in conductivity were observed by changing the length of the alkyl tail on the
alkyl imidazolium cation. The results of this study verified the importance of coherent
long-range order of microdomains for ion transport in PIL block copolymers.
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Figure 1.24. (a) Ionic conductivity as a function of inverse temperature for PS-bPVBn(hexyl)ImTFSI block copolymers with 34 vol% (pink triangles) and 50 vol% PIL
(green inverted triangles) and PVBn(hexyl)ImTFSI homopolymer (black squares). (b)
Morphology factors as a function of inverse temperature for PS-b-PVBn(hexyl)ImTFSI
block copolymers with 34 vol% and 50 vol% PIL. The morphologies of the block
copolymers are indicated: coexisting lamellae and hexagonally packed cylinders (L + C)
and lamellae (L). Used with permission from Reference 86. Copyright 2011 American
Chemical Society.

Ye et al. investigated the ionic conductivity of weakly microphase separated
poly(methyl methacrylate-co-1-[(2-methacryloyloxy)ethyl]-3-butylimidazolium TFSI)
(PMMA-co-PMEBIm-TFSI) PIL block copolymers and non-microphase separated
random copolymers composed of the same monomers.88 The block copolymers were
verified to be weakly microphase separated through SAXS data, which exhibited one
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broad scattering peak at all compositions. This is characteristic of disordered block
copolymers without periodic order and with a heterogeneous distribution of lengthscales.
The block copolymers also exhibited two glass transition temperatures that both
decreased with increasing PIL content, which is characteristic of weak microphase
separation. In contrast, the random copolymers were found to have disordered
morphologies without microphase separation, indicated by featureless SAXS profiles,
and a single glass transition temperature that decreased with increasing PIL content. Ionic
conductivity as a function of composition at 150 ºC is shown in Figure 1.25 for PIL block
copolymers, PIL random copolymers, and the PIL homopolymer. The authors found that
the conductivities of the block copolymers were over an order of magnitude greater than
that of random copolymers with the same PIL volume fraction due to the higher local ion
concentration and connectivity of microphase separated PIL microdomains in the block
copolymers. These results showed the relationship between monomeric sequence,
morphology, and ionic conductivity.
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Figure 1.25. Ionic conductivity as a function of composition at 150 ºC for imidazoliumcontaining PMMA-b-PMEBIm-TFSI block copolymers (circles), PMMA-r-PMEBImTFSI random copolymers (squares), and PMEBIm-TFSI homopolymer. Used with
permission from Reference 88. Copyright 2012 American Chemical Society.

For strongly microphase separated block copolymers, Choi et al. showed that
increased PIL volume fraction, and long-range order of PIL microdomains were
correlated with increased ionic conductivity in PIL block copolymers.87 The authors
studied poly(styrene-b-1-((2- acryloyloxy)ethyl)-3-butylimidazolium TFSI) (PS-bPAEBIm-TFSI)

and

poly(styrene-b-4-vinylbenzylhexylimidazolium

TFSI)

(PS-b-

PVBHIm-TFSI) block copolymers. A non-linear increase in conductivity with PIL
composition was observed, which was explained by changes in morphology and
dimensionality of conductive microdomains. The morphology factor of PS-b-PAEBImTFSI with a coexisting lamellar and network morphology approached 1, which is the
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theoretical limit for block copolymers with a bicontinuous structure, indicating that the
ionic conductivity of the conductive PIL microdomain was near or equal to that of the
corresponding homopolymer. Their results underlined the dependence of transport
properties on block copolymer chemistry, processing, and morphology.

1.3.6. Alignment of Ion-Containing Block Copolymers
Ionic conductivity in block copolymers can potentially be improved dramatically
by increasing the connectivity of ion-containing microdomains, degree of long-range
order, and strength of microphase separation, both in block copolymer/salt systems60, 64,
69, 76, 80, 81, 89-92

and single-ion conducting block copolymers86-88. Several reports have

demonstrated the close relationship between block copolymer morphology and properties
and the dependence of ion transport in block copolymers on well-defined, continuous
ion-containing microdomains. To this end, many studies have established that external
fields can be used to orient the morphology of block copolymers and increase the
connectivity and long-range order of microdomains. Orienting the morphology of ioncontaining block copolymers is valuable for developing the understanding of ion
transport in block copolymers because it increases uniformity of the microstructure along
the direction of ion transport. Although various methods of orienting block copolymers
have been extensively studied in the literature, including adding salt to suppress strong
interfacial interactions91, 92; controlling solvent evaporation93; mechanical processes such
as shear field, extrusion, rolling, and compression49,

94-99

; magnetic field100-108; and

electric field 109-119, few studies have unified the effect of orientation on morphology with
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structure-property relationships of ion-containing block copolymers. In addition, ioncontaining block copolymers are frequently prepared by solvent casting and annealing
above the glass transition temperature, Tg, to achieve the equilibrium structure, which
produces a nominally isotropic morphology. Isotropic morphologies are more likely to be
attained for fast solvent removal and thick samples. The random orientation of
microphase separated microdomains may be detrimental to ionic conductivity due to the
tortuousity of ionic pathways, lack of long-range order, and structural defects, which
limit ion diffusion and may prevent some ion-conducting microdomains from
participating in ion transport. Indeed, many of these limitations were mentioned in the
studies discussed above and cited as potential causes of low normalized conductivities
and morphology factor values that deviated from the Sax-Ottino model. In addition, the
role of grain boundaries in ion conduction is unclear. Orienting the block copolymer
reduces grain boundaries and defects and creates anisotropic directed pathways for ion
transport. These oriented samples will be suitable for studying structure-property
relationships in ion-containing block copolymers and the mechanism of ion transport.
Magnetic field, electric field, compression, and shear field orientation methods
have been applied to study the structure-property relationships of ion-containing block
copolymers. The structure-property relationships of oriented poly(ethylene oxide-b-6-(4′cyanobiphenyl-4-yloxy)-hexyl methacrylate) (PEO-b-PMA) systems doped with LiClO4
have been explored by Osuji and co-workers.100-103,

120, 121

The PMA block contained

covalently bound liquid crystalline (LC) moieties that were oriented by magnetic field,
and the PEO block contained mobile Li+ and ClO4- ions. By exposing heated melt
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samples to magnetic field during cooling, highly anisotropic morphologies were formed
with PEO lamellae and cylinder interfaces and LC layer normals oriented along the field
direction. Figure 1.26 shows a schematic of the aligned block copolymer/salt mixture,
corresponding 2-D SAXS pattern, and ionic conductivity data for the unaligned and
aligned samples. When conductive cylindrical microdomains were aligned perpendicular
to the electrodes, a ten-fold increase in ionic conductivity was observed compared to the
unoriented sample. The material was also deduced to have a nearly single grain structure
due to the three orders of magnitude difference in conductivity measured parallel and
perpendicular to the aligned film. The large increase in conductivity and conductivity
anisotropy (ratio of in-plane conductivity to through-plane conductivity) upon orienting
the structure led the authors to believe that defects and poor connectivity between
microdomains drastically reduce ion transport in block copolymers with isotropic
morphologies.
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Figure 1.26. 2-D SAXS data and ionic conductivity data for PEO-b-PMA/LC doped with
LiClO4 and aligned by magnetic field. The magnetic field direction is indicated in the
SAXS pattern. The room-temperature ionic conductivities of the aligned sample with
conductive cylindrical microdomains oriented parallel and perpendicular to the electrodes
are shown in red and green, respectively, and the conductivity of an isotropic sample is
shown in orange. A schematic of the liquid crystal-containing PMA microdomains
(green) and PEO/LiClO4 microdomains (yellow) is shown in the top left. Adapted with
permission from Reference 102. Copyright 2010 American Chemical Society.

Park and Balsara studied the effect of orientation by electric field, shear field, and
compression on the morphology and proton conductivity of SSMB.122 For the electric
field and shear field methods, samples were first equilibrated in humid air at room
temperature for two days to lower Tg, then subjected to orientation fields. The
compressed sample was oriented at room temperature in dry air. The morphology of the
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electric field-oriented sample consisted of lamellae with normals oriented randomly in
the plane. Compression and shear field resulted in orientation of lamellae interfaces
parallel and perpendicular to the substrate, respectively. The authors measured the
conductivities of aligned samples and evaluated the conductivity anisotropy. Ionic
conductivity data for isotropic solvent-cast and aligned SSMB samples are shown in
Figure 1.27. The conductivity anisotropies for electric field-aligned and shear fieldaligned samples were 1.3 and 1.4, respectively. The highest conductivity anisotropy
attained was 75 for the compression-oriented sample, but this processing method only
produced a 33% increase in conductivity when comparing oriented and isotropic samples.
This led the authors to believe that only modest gains in ion transport can be achieved by
orienting lamellar microdomains, removing defects, and reducing tortuosity.
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Figure 1.27. Ionic conductivities measured in-the-plane and normal-to-the-plane for
lamellar PSS-b-PMB aligned by various methods. The solvent-cast sample corresponds
to the as-prepared, isotropic state. Corresponding 2-D SAXS patterns and schematics of
the morphologies are also shown. Used with permission from Reference 122. Copyright
2010 American Chemical Society.

Mäki-Ontto et al. studied the morphology and proton conductivity of PS-b-P4VP
mixed with toluene sulfonic acid (TSA) and 3-n-pentadecylphenol (PDP) that was heated
and oriented by shear flow during cooling.99 PS and P4VP segments self-assembled into
lamellae, and within P4VP microdomains there were also self-assembled P4VP:TSA and
PDP lamellae, such that there were nanostructures on two lengthscales. The oriented
s

ple’s con uctivity w s anisotropic: ionic conductivity was greatest when measured

parallel to P4VP:TSA and PDP lamellae, which was greater by a factor of 3 compared to
the conductivity measured perpendicular to P4VP:TSA and PDP lamellae, which was
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greater by a factor of 2 compared to the conductivity measured perpendicular to PS
lamellae. This was in contrast to the randomly oriented material, which displayed
isotropic conductivity along three directions. The oriented block copolymer exhibited
ionic conductivities over an order of magnitude greater than that of the randomly oriented
material due to the removal of defects in the structure, regardless of sample orientation.
These findings demonstrated that orientation of conductive microdomains resulted in an
enhancement in conductivity in ion-containing block copolymer films.

1.4.

Overview of Thesis
To improve the ionic conductivity of non-volatile, chemically stable ion-

containing polymer systems for electrochemical storage applications, a fundamental and
predictive understanding of morphology-ionic conductivity relationships is required.
Frameworks must be established that account for the uniqueness and complexity of a
variety of materials, including homopolymers, block copolymers, homopolymer/ion
mixtures, block copolymer/ion mixtures, and hydrated ion-containing polymer systems.
The chemistry of the ionic species and polymer, polymer architecture, and processing are
known to dictate the morphology, thermal properties, and ion transport properties of these
materials. It is broadly accepted that ionic conductivity is higher in polymers with low
glass transition temperatures, high concentrations of mobile ions, and high ion mobilities.
For ion-containing block copolymer systems there is general consensus that ionic
conductivity increases with volume fraction of conductive microphase (ϕc), chain length
(N), connectivity of microdomains (f), and immiscibility between non-conductive and
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conductive segments (χN). Several studies allude to the importance of the spatial
distribution of mobile charge carriers in ion transport, both in homopolymer and block
copolymer systems. However, a predictive relationship with polymer architecture and
chemistry, ϕc, χN, and f remains elusive. In particular, fundamental studies of ioncontaining block copolymer systems are needed to elucidate the ion transport mechanism
within microdomains and understand the role of confinement, concentration gradients,
and interfaces between conductive and non-conductive segments. The impact of
chemistry, morphology, and confinement must also be investigated for hydrated ioncontaining homopolymer and block copolymer systems.
In this thesis, the structure-property relationships of homopolymers and block
copolymers containing imidazolium-based ionic liquid moieties are investigated.
Chapters 2 and 3 present studies of the structure-property relationships of
alkylimidazolium-containing polymerized ionic liquid systems. Chapter 2 investigates the
effects of counteranion type and pendant alkyl chain length on the morphology, thermal
properties, ionic conductivity, and dielectric properties of acrylate-based ionomers.
Chapter 3 describes the morphology, thermal properties, and ionic conductivity of alkyl
and hydroxyalkyl imidazolium homopolymers. The effects of incorporating a polar,
hydroxyl group and varying alkyl pendant length on the morphology and properties are
discussed. Chapter 4 explores the morphology, thermal properties, and ionic conductivity
of a series of block copolymer/ionic liquid mixtures. Molecular weight, ionic liquid
content, and microdomain orientation are varied to gain insight about the ion transport
mechanism through block copolymer microdomains. Chapter 5 examines the effects of
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water uptake, temperature, and monomeric sequence on the morphology and ionic
conductivity of hydrophilic polymerized ionic liquid block copolymers. The ionic
conductivities of block and random copolymers are compared to the analogue
polymerized ionic liquid homopolymer at the same relative humidity and temperature.
Chapter 6 further explores the morphology, water uptake, ionic conductivity, and ion
transport mechanism in these polymerized ionic liquid block copolymers as a function of
block copolymer composition. Chapter 7 summarizes the conclusions of these studies and
describes future research directions.
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Chapter 2
Morphology, Ionic Conductivity, and Dielectric Response of AcrylateBased Alkylimidazolium Polymerized Ionic Liquid Homopolymers

This work was done in collaboration with U. Hyeok Choi, Wenjuan Liu, and Ralph H.
Colby from The Pennsylvania State University; and Minjae Lee and Harry W. Gibson
from Virginia Polytechnic Institute and State University. The content of this chapter was
previously published in Macromolecules.1 Adapted with permission. Copyright 2012
American Chemical Society.

2.1.

Introduction
Ionic conduction in ion-containing polymers is of considerable interest from both

fundamental and applied points of view. Recently, ionic liquids, which are composed
entirely of large cations and anions with weak interactions, have attracted significant
interest due to their unique physical properties such as high thermal and chemical
stability, negligible vapor pressure, broad electrochemical window, and high ionic
conductivity.2-9 In particular, a number of groups have described imidazolium salts in
which the geometric packing constraints of the planar imidazolium ring, its dangling
alkyl groups, and the delocalization of the charge over the N-C-N moiety in the ring
together reduce ion-ion interactions.6,

9-11

These remarkable characteristics make it

possible for ionic liquids to be used as novel and safe electrolytes for advanced devices
such as electrochemical membranes for capacitors, lithium batteries, fuel cells and
64

electromechanical transduction devices for actuators and sensors.12-21 There is a wide
chemical composition range of ionic liquids, achieved by pairing various organic cations
with numerous anions that allows for fine control of their physicochemical properties.
Moreover, imidazoliums and other organic ionic liquid cations can be synthesized
with vinyl groups so that they can be easily incorporated into polymers, so called
polymerized ionic liquids, which carry an ionic liquid species in each of the repeating
units.22-34 The major advantages of using the polymeric forms of ionic liquids are the
enhanced stability and improved mechanical durability resulting from polymerization and
the simplification that only the counterions are able to move large distances rapidly,
making polymerized ionic liquids single-ion conductors.

It is of great interest to

understand the general physical picture of structure-property relations in polymerized
ionic liquids. In this paper we focus on the effects of varying the tail length of the
pendant imidazolium side chains and of two different popular anions as counterions.
Computer simulations have been used to investigate the influence of different
counterions and cation chain lengths in imidazolium ionic liquids35-39 that are not
polymeric.

As tail length increases, locally heterogeneous environments emerge,

consisting of polar (anion / cation pairs) and nonpolar (tail) regions. Such a morphology
has been suggested to affect viscosity, diffusion and ionic conductivity.

The polar

regions form a variety of ionic structures, consisting of ion pairs and aggregates formed
by dipolar interactions between pairs.40
In contrast to the extensive studies on ionic liquids, little is known about the basic
mechanism of counterion transport in polymerized ionic liquids. Here, we demonstrate
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the effect of counterion and tail length on ion migration, aggregation, dielectric constant
and polymer chain dynamics, which provide better understanding of conduction in
polymerized imidazolium acrylate polymers. Polymerized ionic liquids are single-ion
conductors and this allows not only a transference number close to unity as required for
advanced electrochemical devices, but also the absence of concentration polarization of
cations that is a common problem encountered in the conventional solid polymeric
electrolytes in which both cation and anion are mobile.41
To investigate ion and polymer dynamics, the glass transition temperatures ( Tg ),
ionic conductivities and dielectric constants of these polymers were measured. The
dielectric measurement is a particularly powerful tool to investigate the motion of
molecules or substituent groups over a broad time range, 10-7-102 s.42,

43

Segmental

motion of polymers and ionomers are observed in a wide frequency range (mHz to MHz),
allowing study over wide temperature ranges.43 The macroscopic electrode polarization
at lower frequencies in dielectric measurements can also be interpreted to determine the
number density of conducting ions and their mobility,44-46 which has recently been
utilized with great success for single-ion conductors above Tg .33,

47-49

Our studies of

polymer dynamics are complemented by morphology studies using X-ray scattering.
We also compare two ionic liquid counterions, F3CSO2NSO2CF3ˉ (referred to as
Tf2Nˉ) and PF6ˉ. Both only bind weakly to imidazolium cations. Table 2.1 compares 0
K energies of formation for ion pairs, positive triple ions, negative triple ions and
quadrupoles of butyl methyl imidazolium with Tf2Nˉ and PF6ˉ. Tf2Nˉ binds more weakly
than PF6ˉ, particularly for the quadrupole energy. Since there is an equilibrium between
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quadrupoles and two ion pairs, Table 2.1 also lists the ratio of quadrupole energy to twice
the pair energy – a useful gauge of the propensity to aggregate, which is larger for PF6ˉ
than Tf2Nˉ. This is important because it indicates immediately that imidazolium - Tf2Nˉ
should aggregate less than imidazolium - PF6ˉ and this directly affects the glass transition
temperature of these ionomers, with resultant effects on ion conduction.

Table 2.1. ab initio Interaction Energiesa at 0 K for 1-Butyl-3-methylimidazolium Cation
with Tf2Nˉ and PF6ˉ Counterions.
Ion Pair

Triple (+)

Triple (–)

Quadrupole

Aggregation
Factor

Epair (eV)

Etr+ (eV)

Etr– (eV)

Equad (eV)

Equad/2Epair

PF6ˉ

3.32

4.32

4.56

7.59

1.14

15.1

Tf2Nˉ

3.21

4.28

4.30

7.05

1.10

14.1

Counteranion

a

Pair
Dipole
mpair
(Debye)

All calculations were performed using density functional theory methods with the

Gaussian 03 software package.

Exchange and correlation were included using the

hybrid-GGA B3LYP functional.50-52

2.2.

Experimental Methods

2.2.1. Materials
2,2’-Azobisisobutyronitrile (AIBN, Aldrich Chemical) was recrystallized from
chloroform below 40 °C and dried in a vacuum oven. Acetonitrile (MeCN, Aldrich
Chemical) for polymerizations was distilled over calcium hydride.

Imidazole, 1-
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bromodecane, N-butylimidazole, 11-bromoundecanoic acid and 4-hydroxybutyl acrylate
were purchased from Aldrich Chemical and used as received.

2.2.2. Synthesis
1-Dodecylimidazole. To a solution of imidazole (6.81 g, 100 mmol) in NaOH (50%)
solution (8.80 g, 110 mmol), 1-bromododecane (24.92 g, 100 mmol) and tetrahydrofuran
(THF) (30 mL) were added. The mixture was refluxed for 3 days. After the mixture had
cooled, THF was removed by a rotary evaporator. The residue was extracted with
dichloromethane/water 3 times. The combined organic layer was washed with water and
then dried over Na2SO4. The drying agent was filtered and the filtrate solution was
concentrated. Column chromatography through a short silica-gel column with THF gave
clear yellow oil 20.51 g (86.8%). 1H-NMR (CDCl3, 22 °C): δ 0.88 (t, J=7, 3H), 1.29 (m,
18H), 1.76 (m, J=7, 2H), 3.91 (t, J=7, 4H), 6.90 (s, 1H), 7.05 (s, 1H), 7.45 (s, 1H).

13

C-

NMR (100 MHz, CDCl3, 22 °C): δ 14.0, 22.6, 26.4, 29.0, 29.2, 29.3, 29.4, 29.5, 31.0,
31.8, 46.9, 118.6, 129.2, 136.9. The 1H-NMR spectrum was exactly identical to the
literature reported spectrum.53
1-Butyl-3-(10’-carboxydecyl)imidazolium PF6- (1a). A mixture of N-butylimidazole
(6.21 g, 50.0 mmol) and 11-bromoundecanoic acid (13.97 g, 50.0 mmol) in THF (60 mL)
was refluxed for 4 days. After the reaction mixture was cooled to room temperature, the
precipitated bromide salt was filtered and then washed with cold THF 3 times. The
residual brown solid was dissolved in deionized water (100 mL) and KPF6 (10.12 g, 55
mmol) was added. The mixture was stirred for 24 h at 50 °C. After decanting the upper
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aqueous layer, the residual oil was washed with deionized water and ethyl ether 3 times
each. Drying in a vacuum oven gave a yellow viscous liquid (16.58 g, 73.1%). DSC (N2,
-80 ~ 200 °C, heating and cooling rate 5 K/min): Tg = -42.2 °C (2nd cycle), no other
transition found. 1H-NMR (400 MHz, acetone-d6, 23 °C): δ 0.95 (t, J=8, 3H), 1.34-1.41
(m, 14H), 1.58 (m, 2H), 1.96 (m, 4H), 2.27 (t, J=8, 2H), 4.38 (t, J=8, 2H), 7.80 (s, 2H),
9.10 (s, 1H).

13

C-NMR (100 MHz, acetone-d6, 23 °C): δ 13.8, 20.0, 25.6, 26.7, 29.6,

29.7, 29.9, 29.96, 29.98, 30.7, 32.6, 34.2, 50.3, 50.6, 119.39 (t, 1J=319, CF3), 123.6,
136.8, 174.9. HRMS (ESI):m/z 309.2564 ([M-PF6]+, calcd. 309.2537, error 8.7 ppm).
1-Butyl-3-(10’-carboxydecyl)imidazolium Tf2N- (1b). A mixture of N-butylimidazole
(6.21 g, 50.0 mmol) and 11-bromoundecanoic acid (13.97 g, 50.0 mmol) in THF (120
mL) was refluxed for 4 days. After the reaction mixture was cooled to room temperature,
the precipitated bromide salt was filtered and washed with cold THF 3 times. The
filtered solid was dissolved in deionized water (100 mL) and LiTf2N (15.6 g, 55 mmol)
was added. The mixture was stirred for 24 h at 50 °C. After decanting the upper aqueous
layer, the precipitated oil was washed with ethyl ether 3 times. The oily product was
dissolved in ethyl acetate (EA) (100 mL) and dried over Na2SO4. After removing the
drying agent by filtration, solvent evaporation and drying in a vacuum oven gave a
yellow viscous liquid (19.4 g, 66%). DSC (N2, -80 ~ 200 °C, heating and cooling rate 5
K/min): Tg = -55 °C, no other transition found. 1H-NMR (400 MHz, acetone-d6, 23 °C):
δ 0.95 (t, J=7, 3H), 1.30-1.40 (m, 14H), 1.58 (m, 2H), 1.97 (m, 4H), 2.27 (t, J=7, 2H),
4.38 (t, J=7, 2H), 7.81 (s, 2H), 9.14 (s, 1H).

13

C-NMR (100 MHz, acetone-d6, 23 °C): δ
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13.7, 20.0, 25.7, 26.7, 29.6, 30.0, 30.7, 32.7, 34.3, 50.3, 50.6, 123.6, 136.7, 174.9.
HRMS (ESI): m/z 309.2527 ([M-Tf2N-]+, calcd. 309.2537, error 3.2 ppm).
1-Dodecyl-3-(10’-carboxydecyl)imidazolium

PF6-

(1c).

A

mixture

of

N-

dodecylimidazole (4.73 g, 20.0 mmol) and 11-bromoundecanoic acid (5.30 g, 20.0 mmol)
in MeCN (15 mL) was refluxed for 4 days. After the reaction mixture was cooled to
room temperature, the MeCN was removed by a rotary evaporator. Ethyl ether (80 mL)
was added to solidify the residual bromide salt. The precipitate was filtered and washed
with ethyl ether 3 times. The colorless crystalline solid (9.02 g, 90%) was obtained after
drying in air. The bromide salt (3.55 g, 7.08 mmol) was dispersed in deionized water
(200 mL) and KPF6 (2.76 g, 15 mmol) was added. The mixture was stirred for 24 h at 50
°C. After decanting the upper aqueous layer, the residual oil was washed with deionized
water and ethyl ether 3 times each. Drying in a vacuum oven gave a light-yellow viscous
liquid (3.95 g, 98% from bromide salt). The product solidified at room temperature after
several days. DSC (N2, -80 ~ 200 °C, heating and cooling rate 5 K/min): Tg = -20.3 °C,
Tm = 44 °C (2nd heating scan).

1

H-NMR (400 MHz, acetone-d6, 22 °C): δ 0.83 (t, J=7,

3H), 1.24-1.35 (m, 32H), 1.55 (m, 2H), 1.94 (m, 4H), 2.24 (t, J=7, 4H), 4.37 (t, J=7, 2H),
7.79 (s, 2H), 9.10 (s, 1H).

13

C-NMR (100 MHz, acetone-d6, 22 °C): δ 14.3, 14.5, 20.8,

23.3, 25.7, 26.6, 26.7, 26.8, 29.6, 29.8, 30.0, 30.1, 30.3, 30.7, 32.6, 34.1, 50.6, 60.5,
123.6, 136.7, 174.7. HRMS (ESI): m/z 421.3805 ([M-PF6]+, calcd. 421.3794, error 2.6
ppm).
1-Dodecyl-3-(10’-carboxydecyl)imidazolium

Tf2N- (1d).

From

the

previous

experiment, the bromide salt (5.48 g, 11.0 mmol) was dispersed in deionized water (200
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mL) and LiTf2N (4.58 g, 16 mmol) was added. The mixture was stirred for 24 h at 50 °C.
After decanting the upper aqueous layer, the residual oil was washed with deionized
water and ethyl ether 3 times each. Drying in a vacuum oven gave a light-yellow viscous
liquid (7.65 g, 99% from the bromide salt). DSC (N2, -80 ~ 200 °C, heating and cooling
rate 5 K/min): Tm = 0 °C (1st heating scan) Tg = -57 °C (2nd heating scan), no other
transition found. 1H-NMR (400 MHz, acetone-d6, 22 °C): δ 0.84 (t, J=7, 3H), 1.24-1.33
(m, 32H), 1.54 (m, 2H), 1.94 (m, 4H), 2.23 (t, J=7, 4H), 4.35 (t, J=7, 2H), 7.79 (s, 2H),
9.11 (s, 1H), 10.32 (s (br), 1H).

13

C-NMR (100 MHz, acetone-d6, 22 °C): δ14.3, 14.4,

20.8, 23.3, 25.6, 26.6, 26.7, 26.8, 29.6, 29.8, 30.0, 30.1, 30.3, 30.7, 32.6, 34.1, 50.5, 60.5,
123.4, 136.6, 174.6. HRMS (ESI): m/z 421.3806 ([M-Tf2N]+, calcd. 421.3794, error 2.8
ppm).
1-{ω-[1’-(4’’-Acryloyloxy)butoxy]carbonyldecyl}-3-butylimidazolium PF6- (2a).

A

solution of 1b (2.98 g, 6.56 mmol) in freshly distilled SOCl2 (8 mL) was stirred for 24 h
at room temperature under N2 atmosphere. After removing the excess SOCl2 by vacuum,
the residue was washed with anhydrous ethyl ether 5 times and then dried by an N 2
stream. The residue (acid chloride of 1b) was dissolved in dry MeCN (5 mL), and 4hydroxybutyl acrylate (1.229 g, 8.53 mmol) was added.

Into the reaction mixture,

triethylamine (0.665 g, 6.56 mmol) was slowly added in an ice bath. The reaction
mixture was stirred for 24 h at room temperature. After water (20 mL) was added, the
product was extracted 3 times with EA and the combined organic layer was dried over
anhydrous Na2SO4. The drying agent was removed by filtration and the solvent of the
filtrate was removed by a rotary evaporator. The product was rinsed with ethyl ether 5
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times with vigorous stirring. Drying in a vacuum oven at room temperature gave a brown
viscous liquid (3.40 g, 89%). DSC (-80 ~ 60 °C, heating and cooling rate 5 K/min., N2):
Tg = -62 °C, no other transition found. 1H-NMR (400 MHz, acetone-d6, 22 °C): δ 0.95 (t,
J=8, 3H), 1.30-1.42 (m, 20H), 1.58 (m, 2H), 1.73 (m, 4H), 1.97 (m, 4H), 2.29 (t, J=7,
2H), 4.10 (t, J=7, 2H), 4.18 (t, J=7, 2H), 4.39 (m, 4H), 5.88 (dd, J=10 (cis), J=2 (gem.),
1H), 6.15 (dd, J=17 (trans), J=10 (cis), 1H), 6.35 (dd, J=17 (trans), J=2 (gem.), 1H), 7.82
(s, 2H), 9.12 (s, 1H).

13

C-NMR (100 MHz, acetone-d6, 22 °C): δ 13.7, 20.0, 24.9, 26.0,

26.1, 26.2, 29.5, 29.8, 29.9, 30.01, 30.04, 30.4, 32.5, 34.1, 50.3, 50.4, 64.3, 64.7, 123.4,
129.5, 131.1, 136.6, 173.4. HRMS (ESI): 435.3255 ([M-PF6]+, cald. 435.3223, error 7.4
ppm).
1-Butyl-3-{ω-[1-(4-acryloyloxy)butoxy]carbonyldecyl}imidazolium Tf2N- (2b).

A

solution of 1c (6.150 g, 10.4 mmol) in freshly distilled SOCl2 (12 mL) was stirred for 24
h at room temperature under N2 atmosphere. After removing the excess SOCl2 by
vacuum, the residue was washed with anhydrous ethyl ether 5 times and dried by an N2
stream. The residue (acid chloride of 1c) was dissolved in dry MeCN (20 mL), and then
4-hydroxybutyl acrylate (1.656 g, 10.9 mmol) was added. Into the reaction mixture,
triethylamine (1.052 g, 10.4 mmol) was slowly added in an ice bath. The reaction
mixture was stirred for 24 h at room temperature. After water (20 mL) was added, the
product was extracted 3 times with EA and the combined organic layer was dried over
anhydrous Na2SO4. The drying agent was removed by filtration and the solvent of the
filtrate was removed by a rotary evaporator. The product was rinsed with ethyl ether 5
times with vigorous stirring. Drying in a vacuum oven at room temperature gave a
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yellow viscous oil (3.16 g, 42%). DSC (-80 ~ 60 °C, heating and cooling rate 5 K/min.,
N2): Tg = -69 °C, no other transition found. 1H-NMR (400 MHz, CD3CN, 22 °C): δ 0.94
(t, J=7, 3H), 1.28 (m, 16H), 1.56 (m, 2H), 1.69 (m, 2H), 1.81 (m, 4H), 2.27 (t, J=7, 2H),
4.10-4.16 (m, 8H), 5.84 (dd, J=10 (cis), J=2 (gem.), 1H), 6.13 (dd, J=17 (trans), J=10
(cis), 1H), 6.34 (dd, J=17 (trans), J=2 (gem.), 1H), 7.38 (ss, 2H), 8.43 (s, 1H).

13

C-NMR

(100 MHz, CD3CN, 22 °C): δ 13.6, 20.0, 25.7, 26.0, 26.1, 26.7, 29.5, 29.7, 29.9, 29.96,
29.98, 30.4, 32.5, 34.8, 50.3, 50.6, 64.4, 64.9, 123.4, 129.5, 131.3, 136.1, 174.4. HRMS
(ESI): 435.3246 ([M-Tf2N]+, cald. 435.3223, error 5.3 ppm).
1-{ω-[1’-(4’’-Acryloyloxy)butoxy]carbonyldecyl}-3-dodecylimidazolium PF6- (2c). A
solution of 1d (2.94 g, 5.2 mmol) in freshly distilled SOCl2 (10 mL) was stirred for 24 h
at room temperature under N2. After removing the excess SOCl2 by vacuum, the residue
was washed with anhydrous ethyl ether 5 times and dried by an N2 stream. The residue
(acid chloride of 1d) was dissolved in dry MeCN (10 mL), and 4-hydroxybutyl acrylate
(0.823 g, 5.7 mmol) was added. Into the reaction mixture, triethylamine (0.578 g, 5.7
mmol) was slowly added in an ice bath. The reaction mixture was stirred for 24 h at
room temperature. After water (20 mL) was added, the product was extracted 3 times
with EA and the combined organic layer was dried over anhydrous Na2SO4. The drying
agent was removed by filtration and the solvent was removed by a rotary evaporator. The
product was rinsed with ethyl ether 5 times with vigorous stirring. Drying in a vacuum
oven at room temperature gave a brown viscous liquid (3.33 g, 84%). DSC (-80 ~ 60 °C,
heating and cooling rate 5 K/min., N2): Tm = -24 °C, no other transition found. 1H-NMR
(400 MHz, CD3CN, 22 °C): δ 0.89 (t, J=8, 3H), 1.28 (m, 30H), 1.57 (m, 2H), 1.70 (m,

73

4H), 1.83 (m, 4H), 2.28 (t, J=8, 2H), 4.11 (m, 8H), 5.87 (dd, J=10 (cis), J=2 (gem.), 1H),
6.15 (dd, J=17 (trans), J=10 (cis), 1H), 6.34 (dd, J=17 (trans), J=2 (gem.), 1H), 7.39 (s,
13

2H), 8.44 (s, 1H).

C-NMR (100 MHz, CD3CN 22 °C): δ 13.7, 20.0, 24.9, 26.0, 26.1,

26.2, 29.5, 29.8, 29.9, 30.01, 30.04, 30.4, 32.5, 34.1, 50.3, 50.4, 64.3, 64.7, 123.4, 129.5,
131.1, 136.6, 173.4. HRMS (ESI): 435.3255 ([M-PF6]+, cald. 435.3223, error 7.4 ppm).
1-{ω-[1’-(4’-acryloyloxy)butoxy]carbonyldecyl}-3-dodecylimidazolium Tf2N- (2d). A
solution of 1e (5.31 g, 7.5 mmol) in freshly distilled SOCl2 (12 mL) was stirred for 24 h
at room temperature under N2 atmosphere. After removing the excess SOCl2 by vacuum,
the residue was washed with anhydrous ethyl ether 5 times and dried by an N2 stream.
The residue (acid chloride of 1e) was dissolved in dry MeCN (20 mL), and 4hydroxybutyl acrylate (1.20 g, 8.3 mmol) was added.

Into the reaction mixture,

triethylamine (0.839 g, 8.3 mmol) was slowly added in an ice bath. The reaction mixture
was stirred for 24 h at room temperature. After water (20 mL) was added, the product
was extracted 3 times with EA and the combined organic layer was dried over anhydrous
Na2SO4. The drying agent was removed by filtration and the solvent was removed by a
rotary evaporator. The product was rinsed with ethyl ether 5 times with vigorous stirring.
Drying in a vacuum oven at room temperature gave a yellow viscous oil (4.88 g, 79%).
DSC (-80 ~ 60 °C, heating and cooling rate 5 K/min., N2): Tg = -70 °C, no other
transition found.

1

H-NMR (400 MHz, CD3CN, 22 °C): δ 0.88 (t, J=7, 3H), 1.27 (m,

30H), 1.56 (m, 2H), 1.69 (m, 2H), 1.82 (m, 4H), 2.27 (t, J=7, 2H), 4.11 (m, 8H), 5.85 (dd,
J=10 (cis), J=2 (gem.), 1H), 6.13 (dd, J=17 (trans), J=10 (cis), 1H), 6.34 (dd, J=17
(trans), J=2 (gem.), 1H), 7.38 (ss, 2H), 8.43 (s, 1H).

13

C-NMR (100 MHz, CD3CN, 22
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°C): δ13.6, 20.1, 25.7, 26.0, 26.1, 26.7, 29.5, 29.7, 29.9, 29.96, 29.98, 30.4, 32.5, 34.8,
50.3, 50.6, 64.4, 64.9, 123.4, 129.5, 131.3, 136.1, 174.4. HRMS (ESI): 435.3246 ([MTf2N]+, cald. 435.3223, error 5.3 ppm).
Radical polymerizations of imidazolium acrylate monomers.

A solution of the

imidazolium acrylate monomer and AIBN (2 mol% of the monomer) in degassed MeCN
was bubbled with N2 for 30 min. The solution was stirred for 24 h at 65 °C. After
removing MeCN under vacuum, the residue was stirred with EA. Reprecipitation of the
resultant solid from acetone into EA was performed 5 times and the precipitated polymer
was washed with deionized water twice. Drying in a vacuum oven at 60 °C gave high
viscosity materials.
4-(Heptyloxy)butyl acrylate (4). To a solution of n-heptanoic acid (2.60 g, 20.0 mmol),
4-hydroxybutyl acrylate (1.20 g, 13.0 mmol), and N,N'-dicyclohexylcarbodiimide 2.89 g
(14.0

mmol)

in

dried

dichloromethane

(10

mL),

a

solution

of

4-(N,N-

dimethylamino)pyridine 1.71 g (14.0 mmol) in dichloromethane (5 mL) was slowly
added in an ice bath. The reaction mixture was stirred for 12 h at room temperature.
After ethyl ether (40 mL) was added, a precipitate was removed by a short Celite®
column. The filtrate solution was washed with 1 N HCl solution 3 times, concentrated
NaHCO3 2 times and water. The organic layer was dried over anhydrous Na2SO4. The
drying agent was removed by filtration and the solvent of the filtrate was removed by a
rotary evaporator. Drying in a vacuum oven at room temperature gave colorless oil (3.01
g, 90%). 1H-NMR (400 MHz, CDCl3, 23 °C): δ 0.89 (t, J=7, 3H), 1.30 (m, 8H), 1.62 (m,
2H), 1.75 (m, 2H), 2.30 (t, J=7, 2H), 4.11 (t, J=7, 2H), 4.20 (t, J=7, 2H), 5.83 (dd, J=10

75

(cis), J=2 (gem.), 1H), 6.13 (dd, J=17 (trans), J=10 (cis), 1H), 6.41 (dd, J=17 (trans), J=2
(gem.), 1H).

13

C-NMR (100 MHz, CDCl3, 23 °C): δ 13.9, 22.4, 24.9, 25.2, 25.3, 28.8,

31.4, 34.3, 63.7, 64.0, 128.4, 130.7, 166.2, 173.9. HRMS (ESI): 257.1747 ([M+H]+, cald.
257.1747, error 0 ppm).
Radical polymerization of 4. A mixture of 4 (1.28 g, 5.0 mmol) and AIBN (0.164 g,
0.10 mmol) was bubbled with N2 for 30 min. The mixture was stirred for 24 h at 65 °C.
The polymerization mixture was dissolved in chloroform (5 mL). Precipitation from
chloroform into methanol was performed 3 times. Drying in a vacuum oven at 60 °C
gave colorless rubbery material (0.833 g, 65% yield). No Tg or Tm in the range of -80 to
200 oC on DSC.

2.2.3. Spectroscopic Characterization
1

H and 13C NMR spectra were obtained on Varian Inova 400 MHz and Unity 400

MHz spectrometers.

High resolution electrospray ionization time-of-flight mass

spectrometry (HR ESI TOF MS) was carried out on an Agilent 6220 Accurate Mass TOF
LC/MS Spectrometer in positive ion mode.

2.2.4. Thermal Characterization
Differential scanning calorimetry (DSC) with heating and cooling rates of 5 or 10
K/min on ~10 mg samples was done using a TA Instrument Q2000 differential scanning
calorimeter. The thermal stabilities of these polymers were studied by TGA under N2
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using a TA Instrument Q500 Thermogravimetric Analyzer at a heating rate of 10 K/min
heating under N2 purge.

2.2.5. Dielectric Spectroscopy
The dielectric measurements of the polymers were performed by dielectric
relaxation spectroscopy.

Samples were prepared for the dielectric measurement by

allowing them to flow to cover a 30 mm diameter freshly polished brass electrode at
100°C in vacuo. To control the sample thickness at 50 μm, silica spacers were placed on
top of the sample after it flowed to cover the electrode. Then a 15 mm diameter freshly
polished brass electrode was placed on top to make a parallel plate capacitor cell which
was squeezed to a gap of 50 μm in the instrument (with precise thickness checked after
dielectric measurements were complete).

The ionomers sandwiched between two

electrodes were positioned in a Novocontrol GmbH Concept 40 broadband dielectric
spectrometer, after being in a vacuum oven at 100 °C for 24 h. Each sample was then
annealed in the Novocontrol at 120 °C in a heated stream of nitrogen for 1 h prior to
measurements. The dielectric permittivity was measured using a sinusoidal voltage with
amplitude 0.1 V and 10-2 – 107 Hz frequency range for all experiments. Data were
collected in isothermal frequency sweeps every 5 K, from 120 °C to near Tg .

2.2.6. X-ray Scattering
X-ray scattering was performed with a multi-angle X-ray scattering system that
generates Cu-Kα X-rays,  = 0.154 nm, from a Nonius FR 591 rotating anode operated at
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40 kV and 85 mA. The bright, highly collimated beam was obtained via Osmic MaxFlux optics and pinhole collimation in an integral vacuum system. The scattering data
were collected using a Bruker Hi-Star two-dimensional detector with a sample-todetector distance of 11 cm. To minimize the exposure of the materials to moisture,
previously dried samples were inserted into 1 mm glass capillaries under vacuum at
elevated temperatures from room temperature to 110 °C. As the samples flowed into the
capillary under vacuum, bubbles were eliminated. The filled capillaries were cooled to
room temperature under vacuum. Scans were performed from room temperature to 120
°

C with a step size of ~ 30 K and returned to room temperature at heating and cooling

rates of 10 K/min. Adjustments were made to the set temperature of the heating device
so that the temperature of the sample inside the glass capillary would equal the desired
temperature. The samples were equilibrated at each temperature for 10 min before
starting the X-ray data collection. The X-ray scattering profiles were evaluated using
Datasqueeze software.54 The intensities were first corrected for primary beam intensity,
and background scattering from an empty 1 mm glass capillary was subtracted.
Intensities were not corrected for sample density. The isotropic 2-D scattering patterns
were azimuthally integrated to yield intensity versus scattering angle.

2.3.

Results and Discussion

2.3.1. Ionomer Synthesis
We synthesized new acrylate monomers and polymers with ionic imidazolium
units, as depicted in Figure 2.1. The quarternization reactions of 1-alkylimidazole and ω-
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bromoalkanoic acids gave water-soluble carboxy-terminated imidazolium salts.

Ion

(PF6ˉ)

or

exchange

from

the

bromide

salts

to

hexafluorophosphate

bis(trifluoromethanesulfonyl)imide (Tf2Nˉ) counterions was done in water with excess
KPF6 or LiTf2N. To confirm the essentially complete removal of the bromide ions from
the imidazolium salts, a Beilstein copper/flame test was performed before the next
reaction. The polymerizable acrylate unit was introduced by the esterification of the
imidazolium carboxyl salts with 4-hydroxybutylacrylate.

The imidazolium acrylate

monomers (2a-d) are soluble in acetone, MeCN, DMF and ethyl acetate (EA), but not
soluble in either diethylether or water. To prevent a self-polymerization, all monomers
were stored in a freezer (< 0 °C) after packing with dry N2.

Figure 2.1. Synthesis of poly(N-alkylimidazolium acrylate)s 3a-d.
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Figure 2.2. Synthesis of non-ionic polymer 5.

The

radical

polymerization

of

azobisisobutyronitrile (AIBN) in MeCN.

the

monomers

was

done

with

2,2’-

The product polymers were purified by

precipitation from EA which is a good solvent for the monomers but does not dissolve
the polymers. After purification, the water contents of the polymers were checked by 1H
NMR spectroscopy. In the 1H NMR spectra (see Supporting Information) the vinyl
protons of the monomers disappeared in the purified polymers and the polymers
exhibited some peak broadening.

The CH2 protons that are close to the polymer

backbone were broadened, whereas the alkyl protons which are well removed from the
polymer backbone still appear as sharp signals because carbon-carbon bond rotation is
much faster in the alkyl chains which are far from the polymer backbone and they
remained sharp.
To compare the dielectric properties, non-ionic polymer 5 was prepared similar to
the imidazolium ionomers as shown in Figure 2.2. After coupling reaction of heptanoic
acid and 4-hydroxybutylacrylate to form monomer 4, the polymerization of 4 was
preformed with AIBN without any solvent. The non-ionic polymer 5 was purified by
several precipitations from its chloroform solution to methanol with vigorous stirring.
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The non-ionic polymer 5 is a rubbery elastomer, however it does not show glass
transition in DSC down to -80 oC.

2.3.2. Thermal Analysis
The new imidazolium pendant homopolymers each have a single glass transition,
as reported in Table 2.2. The polymers do not display crystallization or melting in the
temperature range of -80 ~ 200 °C by DSC. Replacing PF6ˉ with Tf2Nˉ consistently
lowered Tg by ~ 22 K. The Tf2Nˉ counterion has previously been shown to act at a
plasticizer for imidazolium ionic liquids9, 17 and their polymers.26, 32, 33 Since association
of ion pairs allows them to act as temporary crosslinks that raise Tg , the more strongly
associating PF6ˉ imparts higher Tg than Tf2Nˉ for the poly(imidazolium acrylate)s, as
predicted by the ab initio results of Table 2.1. The length of tail also affects the Tg
determined by DSC (denoted DSC Tg ): ionomers with n-dodecyl tails exhibit slightly (~
8 K) lower DSC Tg s than those with n-butyl tails. However, the Tg , obtained by
dielectric spectroscopy as the temperature at which the peak segmental relaxation time
was 100 s (denoted DRS Tg ; listed in Table 2.255) shows no effect of tail length between
ionomers with n-dodecyl tails and with n-butyl tails. TGA under nitrogen at 10 K/min
suggests that all four ionomers are thermally stable at least until 300 °C.
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Table 2.2. DSC, DRS, and TGA Thermal Analysis, Total Ion Concentration p0,
Refractive Index n, and Fragility m of Ionomers.
DSC Tg
(K)

DRSa Tg
(K)

TGA (○C)
5% w/w loss

p0b
(x1020 cm-3)

nb

mc ± 6

C4-PF6 (3a)

256

248

341

12.1

1.461

105

C4-Tf2N (3b)

230

222

382

10.3

1.462

115

C12-PF6 (3c)

244

245

340

9.62

1.468

83

C12-Tf2N (3d)

226

221

336

8.46

1.469
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Sample

a

Tg determined from dielectric spectroscopy (defined at a (Tg )  102 rad/s ).

b

Total ion concentration and refractive index from group contribution method based on

structure.55
c

m determined from Eq. 2.15 using the VFT fit parameters for the segmental (  ) peak

frequency (open symbols in Figure 2.10a).

2.3.3. X-ray Scattering
Figure 2.3a compares the room temperature X-ray scattering profiles for the four
imidazolium-acrylate ionomers with different side chain tail lengths and counterions.
Three distinct peaks are observed: the higher-angle peak at qI  14 nm-1 corresponds to
the amorphous halo, the more subtle intermediate-angle peak at qII  8 nm-1 is attributed
to correlation between the anions56, 57, and the lower-angle peak at qIII  2 nm-1 for the
ionomers with n-dodecyl tails and qIII  4 nm-1 for the ionomers with n-butyl tails
indicates the spacing between ion aggregates.58 For the amorphous halos at qI , the peak
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slightly shifts to lower wavevector as the size of anion increases from PF6ˉ to Tf2Nˉ. A
similar shift is also observed for the anion-anion scattering peak at qII . However, both
qI and qII peaks appear at the same position as the tail length increases from n-butyl to

n-dodecyl. In contrast, the ionic aggregation scattering peak at qIII shifts to lower q and
its intensity increases significantly, as the tail length increases from n-butyl to n-dodecyl.
The ionomer peak ( qIII ) intensity arises from both the uniformity of the interaggregate
spacing and the electron density difference between the matrix and the ionic aggregates.59
Both the peak positions and peak intensities remain nearly the same with increasing
temperature as shown in Figure 2.3b, c, and d.

Morphology studies of 1-alkyl-3-

methylimidazolium PF6ˉ or Tf2Nˉ ionic liquids as a function of the alkyl chain length by
means of neutron scattering60 and molecular dynamics simulation38,

61

observed quite

similar ion aggregation: ionic liquids with long side chains exhibit a bicontinuous
morphology, one region consisting of polar moieties (anion / cation pairs and aggregates)
and the other consisting of non-polar alkyl tails.
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Figure 2.3. X-ray scattering intensity as a function of scattering wavevector q for (a) the
imidazolium-based ionomers at room temperature and (b) C4-PF6 (3a), (c) C4-Tf2N (3b)
and (d) C12-Tf2N (3d), each at four temperatures (30, 60, 90 and 120 oC). The arrows
indicate peaks that correspond to the amorphous halo ( qI ), anion-anion correlations ( qII ),
and separation between ionic aggregates ( qIII ). The intensity of the ionic aggregation
spacing peak ( qIII ) increases enormously as the tail length increases from n-butyl to ndodecyl, which we interpret to signify that dodecyl tails favor ion aggregation. The data
were shifted on the log intensity scale for clarity.
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2.3.4. Ionic Conductivity
To understand the influence of anions and tail length on ionic conductivity, the
temperature dependence of DC conductivity shown in Figure 2.4 is evaluated from a
roughly 3-decade frequency range where the in-phase part of the conductivity
 '     ''    0 is independent of frequency as shown in Figure 2.5. The inset in

Figure 2.4 shows the strong correlation between ionic conductivity at 25 °C and Tg for
these monomers and their polymers. As expected, monomers with lower Tg show higher
ionic conductivity than the polymers with higher Tg . There also exists a significant effect
from different anions on ionic conductivity for these ionomers. Due to the suppression in
the Tg , the larger Tf2Nˉ anion raises the ionic conductivity of C4-Tf2N (3b) and C12-Tf2N
(3d) by ~100X at room temperature, compared to the PF6ˉ ionomers (C4-PF6 (3a) and
C12-PF6 (3c)).

However, an effect from the n-dodecyl vs. n-butyl tail on ionic

conductivity is more subtle, that is, ionomers with shorter tail (C4-PF6 (3a) and C4-Tf2N
(3b)) showed slightly higher ionic conductivity in spite of having higher Tg . In order to
better understand counterion conduction, it is necessary to distinguish whether the
increase in ionic conductivity is due to a larger number density of simultaneously
conducting ions p or to an increase in their mobility  .
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Figure 2.4. Temperature dependence of ionic conductivity for PF6ˉ and Tf2Nˉ ionomers.
Tf2Nˉ (C4-Tf2N (3b) and C12-Tf2N (3d)) ionomers have consistently higher conductivities
than PF6ˉ (C4-PF6 (3a) and C12-PF6 (3c)) ionomers. Solid and dashed curves are Eq. 2.16
with all parameters fixed (values in Table 2.3 and Table 2.4): Ea and p are determined
by an Arrhenius fit to simultaneously conducting ion content p (Figure 2.6) while  ,
D and T0 are determined by a VFT fit to simultaneously conducting ion mobility 

(Figure 2.7). The inset shows ionic conductivity at room temperature as a function of
glass transition temperature for these four ionomers (3a( ), 3b( ), 3c( ), and 3d( )) and
two monomers (2b( ) and 2d( )).
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Figure 2.5. Dielectric response of imidazolium-based ionomer C4-Tf2N (3b) to applied
AC field at 273 K. The dielectric loss derivative function  der (blue circles) shows two
relaxation processes: segmental motion (  ) at  and ions exchanging states (  2 ) at
 2 . After ion motion becomes diffusive at   , the  2 process not only contributes to

DC conductivity  DC , noted as the plateau region in the in-phase part of conductivity  '
(red squares), but also enhances the static dielectric constant  s in the dielectric
permittivity function  ' (green triangles). The peak of the loss tangent tan  (orange
diamonds) gives the geometric mean of the time scales of conductivity and electrode
polarization, ( EP  )1/ 2 , then determining the number density of simultaneously
conducting ions p and their mobility  .
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2.3.5. Electrode Polarization Analysis
A physical model of electrode polarization (EP) makes it possible to separate
ionic conductivity into the number density of simultaneously conducting ions and their
mobility,44, 45, 62-64 as has recently been done for other single-ion conductors above Tg .33,
47-49, 65, 66

Electrode polarization occurs at low frequencies, where the transporting ions

have sufficient time to polarize at the blocking electrodes during the cycle.

That

polarization manifests itself in (1) an increase in the effective capacitance of the cell
(increasing the apparent dielectric constant) and (2) a decrease in the in-phase part of the
conductivity, as the polarizing ions reduce the field experienced by the transporting ions.
The natural time scale for conduction is the time where counterion motion becomes
diffusive.
 

 s 0
 DC

(2.1)

At low frequencies the conducting ions start to polarize at the electrodes and fully
polarize at the electrode polarization time scale
 EP 

 EP 0
 DC

(2.2)

wherein  EP is the (considerably larger) effective permittivity after the electrode
polarization is complete (see Figure 2.5). The Macdonald and Coelho model44-47, 62, 63
treats electrode polarization as a simple Debye relaxation with loss tangent
tan  

 EP
1   2   EP

(2.3)
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Allowing a two-parameter fit to determine the electrode polarization time  EP and the
conductivity time   . The Macdonald and Coelho model then determines the number
density of simultaneously conducting ions p and their mobility  from  EP and  
1   EP 
p


 lB L2    


2

(2.4)

eL2 
2
4 EP
kT

(2.5)

wherein lB  e2 /(4 s 0kT ) is the Bjerrum length, L is the spacing between electrodes, k
is the Boltzmann constant, and T is absolute temperature.
The temperature dependence of the number density of simultaneously conducting
ions p calculated from Eq. 2.4 is plotted in Figure 2.6 and the fraction of ions
participating in conduction ( p / p0 wherein p0 , listed in Table 2.2, is the total anion
number density) is shown in the Figure 2.6 inset.

The temperature dependence of

simultaneously conducting ion concentration for these imidazolium-based ionomers is
well described by an Arrhenius equation
 E 
p  p exp   a 
 RT 

(2.6)

wherein p and Ea , listed in Table 2.3, are the conducting ion concentration as T  
and the activation energy for conducting ions, respectively. The fact that for some
ionomers p is smaller than p0 indicates some of the counterions are too strongly
aggregated to participate in ionic conduction, and 1  p / p0 (listed in Table 2.3), tells us
the fraction of counterions that are trapped and are unable to participate in conduction.66
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The observation that ionomers with n-dodecyl tails have much higher fraction of trapped
ions than ionomers with n-butyl tails suggests C12-PF6 (3c) and C12-Tf2N (3d) exhibit
stronger ionic aggregation than C4-PF6 (3a) and C4-Tf2N (3b), consistent with the
stronger qIII peak in X-ray scattering and the analysis of the static dielectric constant.
The activation energies for the PF6ˉ ionomers (C4-PF6 (3a) and C12-PF6 (3c)) are higher
than those for Tf2Nˉ ionomers (C4-Tf2N (3b) and C12-Tf2N (3d)), indicating a lower
binding energy for the imidazolium ions with the larger Tf2Nˉ ions than for the PF6ˉ
ions,30 as anticipated by the ab initio calculations presented in Table 2.1.
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Figure 2.6. Temperature dependence of simultaneously conducting ion concentration p .
Solid (PF6ˉ ionomers) and dashed (Tf2Nˉ ionomers) lines are Arrhenius fits to Eq. 2.6
with two fitting parameters ( Ea and p , listed in Table 2.3). The observation that
ionomers with the n-dodecyl tails have much lower p than ionomers with the n-butyl
tails suggests that the former contain more aggregated ions than the latter. The inset
displays the fraction of anions simultaneously participating in conduction ( p divided by
the total anion concentration p0 ).
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Table 2.3. Fitting Parameters (Eq. 2.6) for the Temperature Dependence of the Number
Density of Simultaneously Conducting Ions.

sample

log(p0)
(cm-3)

conducting ion concentration
log(p∞)
(cm-3)

Ea
(kJ/mol)

1-p∞/p0

C4-PF6 (3a)

21.1

20.9

17.5

0.29

C4-Tf2N (3b)

21.0

20.5

14.1

0.68

C12-PF6 (3c)

21.0

20.1

12.8

0.86

C12-Tf2N (3d)

20.9

19.8

10.2

0.93

The inset in Figure 2.6 indicates that the fraction of counterions simultaneously
participating in conduction ( p / p0 ) in these single-ion conductors is quite low, < 0.1% of
the total number of counterions, except at the highest temperatures studied.

The

conducting ion content evaluated from the EP model is the number density of ions in a
conducting state in any snapshot, which sets the boundary condition for the solution of
the Poisson-Boltzmann equation. Only a small fraction of total ions is in a conducting
state at any given instant in time, similar to observations on other single-ion conducting
ionomers with alkali metal counterions47-49 or ionic liquid counterions.33, 65, 66
The temperature dependence of the mobility of the simultaneously conducting
ions determined from the EP model is displayed in Figure 2.7 as the filled symbols.
Since conductivity can be measured over a far wider temperature range, we divide the
DC conductivity data in Figure 2.4 by the elementary charge e and by the Arrhenius fit
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to Eq. 2.6 of simultaneously conducting ion number density p to determine an extended
mobility, plotted in Figure 2.7 as the open symbols. Both mobility and extended mobility
are then fit to the Vogel-Fulcher-Tammann (VFT) equation


DT0 

 T  T0 

   exp  

(2.7)

wherein  is the highest temperature limit of the mobility, T0 is the Vogel temperature
and D is the so-called strength parameter (reciprocally related to fragility m ). The ionic
mobilities of Tf2Nˉ in C4-Tf2N (3b) and C12-Tf2N (3d) are higher than those of PF6ˉ in
C4-PF6 (3a) and C12-PF6 (3c) because the larger Tf2Nˉ anion imparts lower Tg . To
understand the effect of tail length, the mobilities are also plotted against T0 / T (see inset
of Figure 2.7). The data do not merge into a single curve, but instead yield two separate
curves. The ionomers with shorter tails (C4-PF6 (3a) and C4-Tf2N (3b)) have somewhat
higher mobilities than those with longer tails (C12-PF6 (3c) and C12-Tf2N (3d)) for the
same T0 / T . Similar results were reported for pure ionic liquids,11, 67 whereby increasing
the alkyl chain length from butyl to hexyl to octyl increases the viscosity of ionic liquids
based on 1-alkyl-3-methylimidazolium with a Tf2Nˉ anion. The lower ion mobility in our
ionomers with C12 is likely caused by their stronger ion aggregation, seen in the X-ray
data in Figure 2.3.
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Figure 2.7. Temperature dependence of simultaneously conducting ion mobilities for
PF6ˉ and Tf2Nˉ ionomers, determined from (1) the EP model (filled symbols) and (2)
dividing the DC conductivity data by the product of the elementary charge e and the
Arrhenius fit to Eq. 2.6 of simultaneously conducting ion number density p (open
symbols, referred to as extended mobility). Both mobility and extended mobility are fit
to Eq. 2.7 as solid and dashed curves. Tf2Nˉ ionomers (C4-Tf2N (3b) and C12-Tf2N (3d))
have consistently higher mobilities than PF6ˉ ionomers (C4-PF6 (3a) and C12-PF6 (3c)).
The inset shows the ionic mobilities with respect to inverse temperature normalized by
T0 , indicating that ionomers with n-butyl tails have higher mobilities than those with n-

dodecyl tails.
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2.3.6. Static Dielectric Constant
The static dielectric constant  s is defined as the low frequency plateau of  '( )
before EP begins, shown in Figure 2.5 and calculated using Eq. 2.1 from the measured
 DC and   obtained from fitting EP to Eq. 2.3.47,

65, 66

Figure 2.8 displays the static

dielectric constant for these imidazolium-based ionomers and the non-ionic polymer 5 vs.
inverse temperature. The non-ionic polymer 5 having no imidazolium cation nor anion
exhibits  s  8 at room temperature.  s for the ionomers with imidazolium cation and
either PF6ˉ or Tf2Nˉ anion is much larger, especially for those with n-butyl tails (C4-PF6
(3a) and C4-Tf2N (3b)) with  s  80 at the lowest temperatures studied. As the tail
length increases from butyl to dodecyl,  s in C12-PF6 (3c) and C12-Tf2N (3d)
significantly decreases.
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Figure 2.8. Temperature dependence of static dielectric constant  s for imidazoliumbased ionomers and a non-ionic polymer. The lines are predictions of the Onsager
equation with fixed concentration and strength of dipoles: the purple dotted line is Eq. 2.8
for non-ionic polymer 5 with

 v m / 9 k   249K
i i

2
i

0

as the sole fitting parameter and the

colored solid and dashed lines are Eq. 2.9 for the four imidazolium-based ionomers,
assuming all ions exist as isolated contact pairs (  pair  p0 ) with dipoles given by the ab
initio estimates in Table 2.1 and assuming the Kirkwood correlation factor g  1 .

96

The temperature dependence of  s for the non-ionic polymer can be understood
through the Onsager equation68-70
      2    
1

s

 s


2
9



 s    2 
0 kT
nonionic

 m
i

2

i

(2.8)

i

wherein  i is the number density of dipoles, mi is their dipole moment, and   is the
high-frequency limit of the dielectric constant (here taken to be an approximate value of
   n 2 , where n is the refractive index, listed in Table 2.2). The purple dotted line in

Figure 2.8 is fit to Eq. 2.8 with the

 vm
i i

2
i

term as the sole fitting parameter, showing

that  s of the non-ionic polymer 5 is well described by the Onsager equation. The
polymerized ionic liquids have an imidazolium cation attached to each side chain with
the associated anion (PF6ˉ or Tf2Nˉ) and for such ionomers the contribution of the ions to
the static dielectric constant can be analysed49, 59 by simply adding the effect of ion pairs
to Eq. 2.8:
      2    
 pair m pair 2   s     2 s     

s

 s




2
2
9 0 kT




 s    2 



2


s

ionomer
nonionic

(2.9)

wherein  pair is the number density of ion pairs and m pair is their dipole moment. The
solid and dashed lines in Figure 2.8 are the Onsager predictions of Eq. 2.9 for each
ionomer, assuming all ions are in the isolated ion pair state (  pair  p0 , listed in Table
2.2) with the contact pair dipole from ab initio listed in Table 2.1. Starting at the top of
Figure 2.8 the Onsager predication for the ionomers with n-butyl tails, C4-PF6 (3a) and
C4-Tf2N (3b) agree reasonably with their measured  s . The Onsager equation predicts
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that the dielectric constant decreases as temperature increases (as 1/T) from thermal
randomization. The Onsager prediction for C4-PF6 (3a) is ~13% above the measured
dielectric constant, presumably indicating that the dipole of the ion pairs for
imidazolium-PF6 is overestimated by ~7% in our ab initio calculations (Table 2.1).
Although the ionomers with n-dodecyl tails exhibit dielectric constants that parallel the
Onsager prediction of Eq. 2.9, C12-PF6 (3c) and C12-Tf2N (3d) show nearly identical
dielectric constants across the entire temperature range, that are more than a factor of 2
below the Onsager prediction of Eq. 2.9. Those ionomers with n-dodecyl tails are still
significantly more polar than the non-ionic polymer 5 but many of their ions are
aggregated, analogous to lithium sulfonate-PEO ionomers.59
Another way to view ion aggregation is that this effectively correlates
neighboring dipoles of ion pairs. Correlation of neighboring dipoles was considered by
Kirkwood71, 72 and Fröhlich70 by introducing a prefactor g into Eq. 2.9 and this idea is
extensively utilized.42, 69, 70 For example, the dielectric constants for highly associating
liquids such as acids, alcohols, and water are underestimated by the Onsager theory.72
On the other hand, molecules with internal hindered rotation or restricted rotational
degrees of freedom that prohibit alignment with the field cannot fully respond to the field
as expected from their individual dipole moments, and therefore, the Onsager model
overestimates the resulting dielectric constant.73
9 0 kT
g
 pair m2pair

      2         2    
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s

s






2
2
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nonionic 

(2.10)
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If there are no specific correlations, g  1 and the Kirkwood-Fröhlich equation reduces to
the Onsager equation. For polar liquids in which dipoles tend to orient with parallel
dipole alignments, g  1 . For example, hydrogen bonding in water makes g = 2.9 at 0 oC,
decreasing steadily as temperature is increased, to g = 2.3 at 100 oC. When dipoles either
prefer antiparallel alignment or a significant fraction of dipoles are unable to move in
response to the field, g  1 .

Our imidazolium ionomers exhibit apparent Kirkwood

correlation factors 0.8  g  1.1 for ionomers with n-butyl tails and 0.2  g  0.4 for
ionomers with n-dodecyl tails, over the whole temperature range studied. This can
explain the strong increase in intensity of the ionic aggregate scattering peak in the X-ray
data of Figure 2.3, as the tail length increases from n-butyl to n-dodecyl.

Ionic

aggregation makes g  1 for the ionomers with n-dodecyl tails while g  1 for the
ionomers with n-butyl tails.

2.3.7. Dielectric Relaxations
In addition to conduction properties of these ionomers, to assess the effect of
anions and tail length on polymer chain or ion dynamics, we evaluate loss peaks of
dipolar relaxation processes.

However, electrode polarization and conduction can

obscure the loss peaks of interest that are due to ion motion or segmental relaxation.43
Thus, we use the derivative formalism74 which eliminates the conductivity contribution
from loss spectra to elucidate relaxation processes in the temperature range where EP and
conductivity dominate.48, 49
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In the derivative spectra of Figure 2.9, these imidazolium-based ionomers exhibit two
dielectric relaxations designated as  and  2 in the order of decreasing frequency. The
dipolar relaxations were further explored by fitting the derivative spectra with one power
law for EP plus two Havriliak-Negami (HN) functions for those two dielectric relaxations
'
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wherein A and s are constants,   is the relaxation strength, a and b are shape
parameters and HN is a characteristic frequency related to the frequency of maximal loss

max by43, 75, 76
a 

 HN  sin

 2  2b 

1/ a

max

ab 

 sin

 2  2b 

1/ a

(2.13)

In each fit of the ionomer derivative spectrum at each temperature, five of the ten
parameters in Eq. 2.12 are fixed (EP power law exponent s and the two sets of HN shape
parameters a and b ) to values given in the Figure 2.9 caption and the relaxation strength
 is constrained with 2        s . The peak relaxation frequency

max and

relaxation strength   of the  and  2 processes are determined from this fitting and
their temperature dependences are displayed in Figure 2.10. In ionic liquids, dielectric
relaxation processes from motions of anions and cations are observed.77,

78

Ionomers
100

exhibit two dipolar relaxations,48,

49

assigned to the usual segmental motion of the

polymer (  ) and a lower frequency relaxation that increases in strength with ion
content49 (  2 ), attributed to ions rearranging, for instance, exchanging states between
isolated pairs and aggregates of pairs.

Figure 2.9. Dielectric loss derivative spectra fit (solid lines) to the sum of a power law
for EP and two derivative forms of the HN function for ion rearrangement and polymer
segmental motion of (a) PF6ˉ ionomers (C4-PF6 (3a) and C12-PF6 (3c)) at 303 K and (b)
Tf2Nˉ ionomers (C4-Tf2N (3b) and C12-Tf2N (3d)) at 273 K. Two relaxation processes
(  2 at lower frequency and  at higher frequency) are observed and individual
contributions of the relaxations are shown as dashed lines. The solid curves are fiveparameter fits to Eq. 2.12 with fixed values of the EP power law slope ( s ) and shape
parameters of the two HN functions ( a and b ) for (a) PF6ˉ ionomers: s = 1.88, aα2 = 1.0,
bα2 = 0.5, aα = 1.0 and bα = 0.2 and for (b) Tf2Nˉ ionomers: s = 1.91, aα2 = 0.88, bα2 =
0.55, aα = 1.0 and bα = 0.2.
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Figure 2.10. Temperature dependence of (a) relaxation frequency maxima max and (b)
relaxation strengths  of the  (open symbols) and  2 (filled symbols) processes. The
solid and dashed curves are fits of the VFT equation (Eq. 2.14) using T0 from the
mobility VFT fits in Figure 2.7.
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The peak relaxation frequencies of the  process of glass-forming liquids,
polymers and ionomers follow VFT temperature dependence with the same Vogel
temperature T0 as was found for the mobility of simultaneously conducting ions.


DT0 

 T  T0 

max   exp  

(2.14)

The curves in Figure 2.10a are fits to Eq. 2.14 using the T0 from the mobility VFT fits in
Figure 2.7 with strength parameter D and high temperature limiting frequency  listed
in Table 2.4 for the  and  2 processes. The  process involves segmental motion and
hence, is related to the glass transition. This is why PF6ˉ ionomers having higher Tg
exhibit slower  processes than Tf2Nˉ ionomers having lower Tg . Many glass-forming
liquids and non-ionic polymers have max of the  process ~ 0.01 rad/s at their Tg .79
Here we extrapolate the VFT fits of the  process (Eq. 2.14 and curves in Figure 2.10a)
to 0.01 rad/s to get the DRS Tg listed in Table 2.2. There is reasonable agreement
between DRS Tg and DSC Tg for the ionomers with C12 tails but those with C4 tails have
DRS Tg ~ 8 K lower than DSC Tg and the DRS Tg s of the ionomers with the same anions
(PF6ˉ or Tf2Nˉ) are nearly identical in spite of different tail length (also evident in Figure
2.10a). The ionomers with C12 tails aggregate most of their ions so the magnitude of the
 2 relaxation involving ion rearrangement is much smaller than for the ionomers with C4

tails and this is likely why there is a large difference in DRS and DSC Tg s of the
ionomers with C4 tails. Calorimetry sees both  and  2 processes and is more impacted
by the latter, slower process when its magnitude is stronger.
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Table 2.4. Fitting Parameters of the VFT Temperature Dependence of the  2 and 
Processes and Mobility of Simultaneously Conducting Ions.
2

sample

 process

process

log( )

(rad/s)

log( )

D

D

(rad/s)

conducting ion mobility
log( )
2

-1 -1

(cm V s )

D

T0

DSC Tg  T0

(K)

(K)

C4-PF6 (3a)

8.8

4.3

11.1

4.3

-1.0

3.7

217

39

C4-Tf2N (3b)

8.7

4.1

11.3

4.1

-1.1

3.4

196

34

C12-PF6 (3c)

9.2

5.6

11.0

5.6

-0.8

5.0

207

37

C12-Tf2N (3d)

8.8

5.0

10.8

5.0

-0.8

4.5

189

37

In polymers with polar side groups, generally an  process is assigned to side
chain motion.80 The observation that ionomers with n-butyl tails (C4-PF6 (3a) and C4Tf2N (3b)) having higher Tg show even faster  process than those with n-dodecyl tails
(C12-PF6 (3c) and C12-Tf2N (3d)) having lower Tg is connected to their fragility m ,
calculated by
m

d log  



d Tg / T




T Tg

DT0



Tg  ln10  1  T0 / Tg



2

,

(2.15)

wherein D and T0 are VFT fitting parameters for  (open symbols in Figure 2.10a).
The estimated fragility m values of these imidazolium-based ionomers are given in Table
2.2 with error estimates based on the extrapolation of the VFT fit to Tg , discussed above.
The 25% higher fragility of ionomers with C4 tails can be understood by the enhanced
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aggregation of the ionomers with C12 tails, reflected in the X-ray data of Figure 2.3.
Aggregated ions present a strong energetic barrier for segmental motion that always
lowers fragility.81, 82 Similar reductions in fragility with increasing side chain length have
been reported for poly(n-alkyl methacrylates)83 and poly(α-olefins).84
The peak relaxation frequencies of the  2 processes of these ionomers occurring
at frequencies approximately two orders of magnitude lower than those of the 
processes also follow a VFT temperature dependence.

Like the  process, Tf2Nˉ

ionomers have faster  2 process than PF6ˉ ionomers due to Tf2Nˉ counterion imparting
lower Tg .

Ionomers with the same counterion have almost identical  2 relaxation

frequencies in spite of having different tail length. This suggests that the  2 processes
must be primarily related to ion rearrangements, consistent with literature on dielectric
spectroscopy of single-ion conducting ionomers.48,

49

In Figure 2.10b, the relaxation

strength  for the  2 process is much larger than that for the  process. Additionally,
 2 has strong temperature dependence, but  has no temperature dependence with
  8 for all four ionomers. The stronger  2 process involving ionic rearrangements

primarily determines the temperature dependence of  s shown in Figure 2.8.
Interestingly, ionomers with n-butyl tails (C4-PF6 (3a) and C4-Tf2N (3b)) have much
larger  2 than those with n-dodecyl tails (C12-PF6 (3c) and C12-Tf2N (3d)), consistent
with n-dodecyl tails promoting ion aggregation as seen in X-ray (Figure 2.3). The nbutyl tails in C4-PF6 (3a) and C4-Tf2N (3b) allow more ions to participate in conduction
(Figure 2.6) and rearrange in the  2 process, by not having so many aggregated ions.
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2.3.8. Temperature and Frequency Dependence of Ion Migration and Polymer
Relaxation
Conductivity is the product of charge e , number density of carriers p and their
mobility  for single-ion conductors, so the temperature dependence of  DC (T ) shown in
Figure 2.4 has already been evaluated by our Arrhenius fit of p(T )  p exp[Ea /(RT )] , in
Figure 2.6 and our VFT fit of extended mobility  (T )   DC (T ) /[ep(T )] to Eq. 2.7 in
Figure 2.7.


DT0 
 Ea 
 exp  

 RT 
 T  T0 

 DC  e p exp  

(2.16)

Predictions of Eq. 2.16 with parameters listed in Table 2.3 and Table 2.4 are shown as the
solid and dashed curves in Figure 2.4. The fact that  ,  2 ,  and  DC all share a
common Vogel temperature demonstrates strong coupling between motion of counterions
and polymer segmental dynamics. The Vogel temperature T0 lies 37 K below the DSC
glass transition temperature for each ionomer ( Tg  T0  37 K ). Barton, Nakajima, and
Namikawa85-87 (BNN) suggested that conduction and dielectric relaxation have their
origins in one diffusion process and proposed a simple empirical scaling correlation
between ionic conductivity  DC and the product of relaxation strength  and frequency
at the loss maximum max .
 DC  max

(2.17)

As shown in Figure 2.11, the conductivity can be successfully scaled in accordance with
Eq. 2.17, further demonstrating that conductivity is strongly coupled with both ion
motion (  2 process) and polymer segmental motion (  process).
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Figure 2.11. DC conductivity  DC against the relaxation strength  and frequency
max of the  2 (filled symbols) and  (open symbols) processes. The solid and dashed

lines are fits of the BNN law (Eq. 2.17) with slopes of unity.

2.4.

Conclusions
This chapter correlates morphology, ion conduction and dielectric response of

imidazolium-based single-ion conductors with two different anions and with two
different tail lengths. The effect of counterions is clearly observed in the glass transition
temperature and ionic conductivity; Tf2Nˉ ionomers with lower Tg s have higher ionic
conductivities than PF6ˉ ionomers with higher Tg , as anticipated by ab initio calculations
that show that the imidazolium cation is less prone to aggregation with Tf2Nˉ counterions
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than with PF6ˉ counterions. The ionic conductivity is also strongly coupled with ion
motion (  2 ) and polymer segmental motion (  ) from the observation of a common
Vogel temperature in the VFT temperature dependence of the mobility of simultaneously
conducting ion  , ion rearrangements (  2 ) and polymer segmental motion (  ).
The n-dodecyl tail results in strong ion aggregation over the whole temperature
range studied, as clearly seen in X-ray scattering and dielectric constant. The n-butyl tail
promotes very little ionic aggregation, with a significantly larger dielectric constant that
agrees reasonably with the Onsager prediction. Significant increase of the relaxation
strength of the ion rearrangement  2 for ionomers with n-butyl tails accounts for the
significantly larger static dielectric constants and higher mobilities for the simultaneously
conducting ions.

2.5.
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Chapter 3
Morphology and Ionic Conductivity of Alkyl and Hydroxyalkyl
Vinylimidazolium Polymerized Ionic Liquid Homopolymers

This work was done in collaboration with Michael H. Allen, Jr., Sean T. Hemp, Ying
Chen, Louis A. Madsen, and Professor Timothy E. Long from Virginia Polytechnic
Institute and State University. The content of this chapter was previously published in
Macromolecules.1 Adapted with permission. Copyright 2013 American Chemical
Society.

3.1. Introduction
Ionic liquids, defined as organic salts with a melting point below 100 °C, remain
an area of intense focus.2-5 These liquids display advantageous properties including high
chemical and thermal stability, negligible volatility, and high ionic conductivity.6-9 The
diversity of ionic liquid compositions enables the synthesis of “designer” molecules with
tailored physical properties through judicious anion and cation selection. Specifically,
imidazolium cations remain a popular choice as a cationic component of ionic liquids.
Numerous researchers have functionalized imidazolium ionic liquids with alkyl
substituents for emerging applications,10-15 and recent attention has focused on the
development of hydroxyl- and ether-functionalized ionic liquids.16,17 Branco et al.
reported that ether-containing imidazolium ionic liquids displayed reduced viscosities
compared to alkylated analogs.18 Molecular dynamics simulations and X-ray
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crystallography determined ether chains and hydroxyl-containing substituents formed
intra- and inter-molecular hydrogen bonds with the acidic hydrogen on the C2 position of
the imidazolium cation.19-22 This interaction weakened the specific cation-anion
interactions, which reduced viscosity and increased conductivity. Furthermore, Russina
and Triolo demonstrated that the incorporation of polar substituents in room-temperature
imidazolium ionic liquids disrupted the local compositional heterogeneity of polar and
nonpolar moieties for alkylated analogs.10,23,24 Density functional theory calculations of
hydroxyl-containing imidazolium ionic liquids also supported the observations of
Russina and Triolo, and these calculations suggested that the polarity of the hydroxyl
substituents reduces cation-anion electrostatic interactions.25,26
Polymerization of ionic liquid monomers enables the design of conductive
membranes suitable for electroactive devices,27,28 gas separation,29,30 and microwaveabsorbing materials.31 In polymerized ionic liquids (PILs), the cation or anion remains
covalently bound to the macromolecule, thus restricting its mobility. The mobility
restriction advantageously prevents leakage of liquid electrolytes in electrochemical
devices; however, the reduction in ionic conductivity proves problematic. Anion selection
remains a highly researched component of cationic PILs to improve macromolecular
ionic conductivity.2,32-38 Chen et al. examined various counterions in a methacrylatebased

imidazolium

PIL

from

a

tetrafluoroborate

(BF4-)

anion

to

a

bis(trifluoromethanesulfonyl)imide (Tf2N-) anion.33 The bulkier Tf2N- anion significantly
reduced the glass transition temperature (Tg) and increased ionic conductivity. Green et
al. also observed a similar impact on Tg and demonstrated enhanced thermal stability
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through exchangeable anion selection in alkyl-substituted 1-vinylimidazolium (AVIM)
PILs.39 Further studies confirmed that counterion exchange also influenced ionic
conductivity due to anion size and symmetry as well as ion pair dissociation energy.32,40
Imidazolium cation structure also affects the ionic conductivity of cationic
polyelectrolytes. Various imidazolium-containing ionic liquid monomers include 1vinylimidazoliums,38,39,41 styrenics,32,42 and (meth)acrylics.28,43,44 Ohno et al. synthesized
and polymerized substituted 1-vinylimidazolium (VIM) monomers for electroactive
materials.38 Spacing the imidazolium cation further from the polymer backbone with an
oligo(ethylene oxide) chain improved homopolymer ionic conductivity 300-fold. Lee et
al. polymerized acrylate-functionalized imidazolium ionic liquids containing a
diethyleneoxy or butyl substituent on the imidazolium cation.43 The diethyleneoxy
substituent displayed higher ionic conductivities than the butyl substituent due to a lower
binding energy between the imidazolium ring and the counterion. Previously, our
research group examined functionalized VIM monomers with various alkyl substituents
(ethyl, butyl, octyl, dodecyl chains) and found increased alkyl chain length increased
backbone-to-backbone distance.39 This increased spacing resulted in a reduced Tgindependent ionic conductivity. Modifying the imidazolium macromolecules through
functional substituent selection enabled the tuning of polymer thermal properties and
ionic conductivity without the addition of low molar mass plasticizers. Although effective
in reducing Tg and subsequently increasing ionic conductivity, evaporation, leaching, and
degradation commonly plague the use of low molar mass plasticizers for advanced
electro-active membranes.45
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In this chapter, VIM ionic liquid monomers functionalized with various
hydroxyalkyl groups were synthesized for the first time to investigate the impact of
functional substituents on homopolymer thermal properties, morphology, and ionic
conductivity. Conventional free radical polymerization of alkyl-substituted 1vinylimidazolium (AVIM) and hydroxyalkyl-substituted 1-vinylimidazolium (HAVIM)
monomers with variable substituent length afforded a series of homopolymers for
structure-property characterization. As expected, anion exchange from a bromide
counterion (Br-) to a Tf2N- counterion lowered homopolymer Tg and increased thermal
stability. X-ray scattering investigated the relationship between chemical structure and
morphology and elucidated the influence of structure on ionic conductivity. Solid-state
NMR complemented the X-ray results providing quantitative ratios of locally ordered
versus disordered components, as well as providing local molecular dynamics
information. Facile modification of imidazolium macromolecules enables the future
design of improved ionically conductive polyelectrolytes for advanced applications
including electroactive devices and gas separation membranes.
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3.2. Experimental Methods
3.2.1. Materials
Bromoethane (98%, Sigma-Aldrich), 1-bromopropane (99%, Aldrich), 1bromohexane (98%, Aldrich), (99%, Aldrich), 2-bromoethanol (95%, Aldrich), 3-bromo1-propanol (97%, Aldrich), 6-bromo-1-hexanol (97%, Aldrich), and 8-bromo-1-octanol
(95%, Aldrich) were used as received. 1-Vinylimidazole (99%, Aldrich) was distilled
under reduced pressure. 2,2’-Azobisisobutryonitrile (AIBN, 99%, Sigma-Aldrich) was
recrystallized from methanol. Lithium bis(trifluoromethane)sulfonimide (LiTf2N, > 99%,
Aldrich) and lithium bromide (> 99%, Aldrich) were used as received. All solvents were
obtained from Fisher Scientific and used as received.

3.2.2. Synthesis
Synthesis of Imidazolium Monomers. The 1-alkyl-3-vinylimidazolium bromide
(AVIM-Br) monomers were synthesized according to previous literature.39,46,47 The 1hydroxyalky-3-vinylimidazolium (HAVIM) monomer synthesis required a modified
procedure. In a typical reaction, 1-vinylimidazole (1.00 g, 10.6 mmol), 2-bromoethanol
(1.46 g, 11.7 mmol) and acetonitrile (2.46 g, 61.4 mmol) were charged to a 25-mL,
round-bottomed flask equipped with a stir bar and stirred for 48 h at 40 °C. Acetonitrile
and excess 2-bromoethanol were removed under reduced pressure and a yellow oil was
precipitated into ethyl acetate. After three washings with ethyl acetate, the yellow oil was
dried under reduced pressure overnight (1.40 g, 70% yield). The monomer was
redissolved in deionized water (5.00 g, 278 mmol H2O) and slowly added dropwise to an
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aqueous solution of LiTf2N (3.06 g, 10.7 mmol LiTf2N in 5.00 g, 278 mmol H2O). The
monomer

1-hydroxyethyl-3-vinylimidazolium

bis(trifluoromethane)sulfonimide

precipitated as a colorless oil (HEVIM-Tf2N) and was washed with deionized water five
times to remove residual salt (2.44 g, 91% yield). 1H NMR (CD3OD):δ 9.23 (t, 1H), 7.99
(d, 1H), 7.73 (d, 1H), 7.25 (dd, 1H), 5.91 (dd, 1H), 5.44 (dd, 1H), 4.33 (t, 2H), 3.89 (t,
2H).

13

C NMR (CD3OD):δ 135.4 (s), 128.3 (s), 123.4 (s), 119.0 (s), 108.5 (s), 59.4 (s),

52.2 (s).

19

F NMR (CD3OD):δ -80.7 (s). ESI-mass spectra for C8H13N2O: Calculated:

139.0866 g/mol; Found: 139.0858 g/mol.
1-Hydroxyproply-3-vinylimidazolium Tf2N (HPVIM-Tf2N). 1H NMR (CD3OD):δ
7.98 (d, 1H), 7.74 (d, 1H), 7.22 (dd, 1H), 5.90 (dd, 1H), 5.44 (dd, 1H), 4.37 (t, 2H), 3.61
(t, 2H), 2.10 (tt, 2H).

13

C NMR (CD3OD):δ 128.3 (s), 123.1(s), 119.3(s), 108.4 (s),

57.5(s), 47.0 (s), 31.8 (s).

19

F NMR (CD3OD):δ -80.1 (s). ESI-mass spectra for

C8H13N2O: Calculated: 153.1028 g/mol; Found: 153.1020 g/mol.
1-Hydroxyhexyl-3-vinylimidazolium Tf2N (HHVIM-Tf2N).

1

H NMR (CD3OD):δ

9.21(s, 1H), 7.96 (s, 1H), 7.73 (s, 1H), 7.21 (dd, 2H), 5.89 (dd, 1H), 5.43 (dd, 1H), 4.25
(t, 2H), 3.55 (t, 2H), 1.93 (t, 2H), 1.55 (m, 2H), 1.40 (dd, 4H).

13

C NMR (CD3OD):δ

134.9 (s), 128.4 (s), 123.0 (s), 119.3 (s), 108.5 (s), 61.3 (s), 49.8 (s), 31.8 (s), 29.4 (s),
25.2 (s).

19

F NMR (CD3OD):δ -80.7 (s). ESI-mass spectra for C11H19N2O: Calculated:

195.1497 g/mol; Found: 195.1485 g/mol.
1-Hydroxyoctyl-3-vinylimidazolium Tf2N (HOVIM-Tf2N). 1H NMR (CD3OD):δ 9.20
(d, 1H), 7.95 (d, 1H), 7.72 (d, 1H), 7.21 (dd, 1H), 5.89 (dd, 1H), 5.42 (dd, 1H), 4.24 (m,
2H), 3.53 (t, 2H), 1.93 (d, 2H), 1.51 (d, 2H), 1.36 (dt, 8H).

13

C NMR (CD3OD):δ 134.8
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(s), 128.3 (s), 123.0 (s), 119.3 (s), 108.5 (s), 61.5 (s), 49.8 (s), 32.1 (s), 29.4 (s), 28.8 (s),
28.6 (s), 25.7 (s), 25.4 (s).

19

F NMR (CD3OD):δ -80.6 (s). ESI-mass spectra for

C13H23N2O: Calculated: 223.1810 g/mol; Found: 223.1798 g/mol.
Synthesis of Imidazolium Polymers and Anion Exchange. The AVIM-Br monomers
were polymerized and underwent anion exchange according to previous literature.39,46,47
Silver nitrate titrations confirmed the absence of excess salt, and XPS analysis
determined less than 0.2% bromide remained. The HAVIM-Tf2N monomers were
polymerized with a modified procedure. In a representative conventional free radical
polymerization, HEVIM-Tf2N (0.500 g, 11.9 mmol), AIBN (1.98 mg, 11.9 μmol), and
DMSO (2.00 g, 25.6 mmol) were charged to a 25-mL, round bottomed-flask equipped
with stir bar. The reaction was sparged with argon at room temperature for 30 min. and
immersed in a 65 °C thermostated oil bath for 24 h. The polymer was precipitated into
ethyl acetate, redissolved in methanol, and dialyzed against methanol (MWCO = 3500
g/mol) for 48 h to remove residual monomer. The polymer was dried under reduced
pressure for 24 h (340 mg, 68 % yield).
Poly(HEVIM-Tf2N) (340 mg, 0.811 μmol) was dissolved in methanol (5.00 g,
156 mmol) with lithium bromide (5.00 g, 57.6 mmol) and dialyzed against a 1 M LiBrmethanol solution for five days. The polymer was then dialyzed against deionized water
for 48 h to remove excess LiBr. The polymer was freeze dried to remove water for 48 h.
Silver nitrate titrations confirmed the absence of excess salt and XPS analysis determined
less than 0.2% Tf2N remained. Polymer molecular weights relative to poly(ethylene
oxide) standards were determined utilizing aqueous SEC.

119

3.2.3. Polymer Characterization
1

H, 13C, and 19F NMR spectroscopy (Varian Inova, 400 MHz, CD3OD; 19F shifts

were determined based on an external chemical shift reference) confirmed monomer and
polymer structure.

13

C solid-state NMR probed polymer dynamics and quantitatively

investigated locally ordered and disordered morphology (full experimental details in
Supporting Information). Aqueous size exclusion chromatography (SEC, flow rate of 0.8
mL/min through two Waters Ultrahydrogel Linear and one Waters Ultrahydrogel 250
columns, solvent: 54/23/23 H2O/MeOH/acetic acid (v/v/v %), 0.1 M NaNO3) equipped
with a Waters 1515 isocratic HPLC pump, a Waters 717plus autosampler, a Wyatt
miniDAWN multiangle laser light scattering (MALLS, wavelength = 690 nm), and a
Waters 2414 differential refractive index detector determined polymer molecular weights
relative to poly(ethylene oxide) (PEO) standards. Prior to SEC analysis, polymer samples
were screened with dynamic light scattering (DLS, Malvern Zetasizer NanoZS) to
confirm the absence of polymer aggregates in the SEC mobile phase.
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3.2.4. Thermal Characterization
Thermal analysis of the various imidazolium polymers was performed on a TA
Instruments thermogravimetric analyzer (TGA) Hi-Res 2950 with a heating rate of 10
°C/min from 23 °C to 600 °C under a nitrogen atmosphere. Differential scanning
calorimetry (DSC, TA instruments, Q1000, 10 °C/min) determined thermal transitions,
utilizing a heat/cool/heat method to erase polymer thermal history.

3.2.5. Electrochemical Impedance Spectroscopy
In-plane conductivities were measured using a four-electrode method with a
Metrohm Autolab 302N impedance analyzer equipped with a custom-made Tefloncoated stainless steel cell (10 cm × 5 cm, containing two inner reference electrodes and
two outer electrodes) over a frequency range of 10-1 Hz to 106 Hz at 200 mV. An ESPEC
BTL-433 environmental chamber controlled temperature up to 135 °C and relative
humidity (10% RH below 95 °C, <10% RH above 95 °C). Samples were equilibrated for
2 h prior to each measurement. Polymer films were cast from a 30 wt % solution (acetone
or methanol) onto a Mylar® substrate and dried under ambient conditions for 48 h
followed with drying under reduced pressure at 80 °C for an additional 48 h immediately
prior to impedance measurements. The impedance or resistance, R, was measured
between the two inner reference electrodes while the alternating current was applied to
the outer two electrodes. The x-intercept of the semicircle of the Nyquist plot in the
Autolab Nova software suite determined the resistance to calculate the conductivity of the
polymer film. The equation, σ = L/AR, where L is the distance between the inner
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electrodes, and A is the cross-sectional area of the polymer film, was used to calculate
ionic conductivity. Five measurements were performed at each temperature (10 °C/step)
and the values reported were an average of these steady-state measurements.

3.2.6. X-ray Scattering
X-ray scattering was performed using a multi-angle X-ray scattering (MAXS)
system. The MAXS system generates Cu-Kα X-rays,  = 0.154 nm, from a Nonius FR
591 rotating anode operated at 40 kV and 85 mA. The bright, highly collimated beam
was obtained via Osmic Max-Flux optics and pinhole collimation in an integral vacuum
system. The scattering data were collected using a Bruker Hi-Star two-dimensional
detector with a sample-to-detector distance of 11 cm and analyzed using Datasqueeze
software. The intensities were corrected for primary beam intensity, and background
scattering was subtracted. The isotropic 2-D scattering patterns were then azimuthally
integrated to yield intensity versus scattering angle (q) profiles. The intensities are
reported in arbitrary units (a.u.).
Samples were prepared for room temperature X-ray scattering utilizing the casting
conditions described above for impedance spectroscopy. Room-temperature data were
collected on bare samples. For elevated temperature X-ray scattering experiments, thin
strips of cast poly(HAVIM-Tf2N) samples were cut and inserted into 1 mm glass
capillaries, which were then flame sealed. Variable temperature data were collected in
situ using a Linkham HFS91 temperature controller, which has a temperature resolution
of ±0.1 °C. Data were collected at temperatures ranging from 10 °C to 125 °C, with an
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additional scan at 25 °C to assess sample recovery, at heating and cooling rates of 10
°C/min. Samples were equilibrated at desired temperatures for 15 min before collecting
X-ray data for 30 min.

3.3. Results and Discussion
3.3.1. Synthesis of Vinylimidazolium Monomers and Polymers
The quaternization reaction of 1-vinylimidazole with various bromoalcohols
afforded a series of hydroxyalkyl-substituted 1-vinylimidazolium bromide (HAVIM-Br)
monomers shown in Figure 3.1. The quaternization of 1-vinylimidazole with 4-bromo-1butanol resulted in THF formation, preventing the synthesis of a VIM monomer with a
hydroxybutyl substituent.48 The HAVIM-Br monomers were further modified with anion
exchange of a Br- counterion to a less basic, more hydrophobic Tf2N- counterion to tune
thermal properties and ionic conductivity. DSC detected the thermal transitions of the
HAVIM-Br monomers (Table 3.1); the ionic liquids exhibit Tg’s between -58 °C through
-42 °C and melting points below 60 °C. Exchange of the Br- anion to Tf2N- lowered Tg’s
approximately 30 °C. Widespread research on alkyl-substituted 1-vinylimidazolium
bromide (AVIM-Br) monomers determined the melting points of shorter chain
substituents remained above 100 °C (ethyl, propyl) while anion exchange to Tf2Nlowered the Tg’s to similar temperatures as the HAVIM-Tf2N monomers.38,49
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Figure 3.1. Synthesis of HAVIM ionic liquid monomers with subsequent anion
exchange.

Table 3.1. Thermal Analysis of Vinylimidazolium Monomers.
Abbreviation

Hydroxyalkyl
Substituent

Anion

Tg
Tm
(°C) (°C)

HEVIM-Br
HPVIM-Br
HHVIM-Br
HOVIM-Br

Ethyl
Propyl
Hexyl
Octyl

Bromide
Bromide
Bromide
Bromide

-42
-43
-58
-53

25
55
37
41

HEVIM-Tf2N
HPVIM-Tf2N
HHVIM-Tf2N
HOVIM-Tf2N

Ethyl
Propyl
Hexyl
Octyl

Tf2N
Tf2N
Tf2N
Tf2N

-73
-73
-74
-84

ND
ND
ND
ND

ND = Not Detected Utilizing DSC Thermal Analysis (-150 °C to 200 °C)

Conventional free radical polymerization of the vinylimidazolium monomers
(Figure 3.2) afforded homopolymers with various alkyl and hydroxyalkyl substituents.
The AVIM-Br monomers homopolymerized according to previous literature procedures,
and the polymeric precursor was susceptible to anion exchange with LiTf2N to generate
AVIM-Tf2N homopolymers.39 Free radical homopolymerization of HAVIM-Br
monomers

produced

an

insoluble,

covalently

crosslinked

network.

The

homopolymerization of HAVIM-Tf2N monomers successfully generated high molecular
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weight thermoplastics. We propose an acid impurity in DMSO catalyzed an elimination
reaction which generated a difunctional imidazolium contaminant that would presumably
promote crosslinking during the polymerization reaction of the bromide-containing
monomer. Therefore, anion exchange to a Tf2N- counterion prevented the elimination
reaction from occurring during polymerization due to Tf2N- having decreased
nucleophilicity compared to Br-. Post-polymerization anion exchange from Tf2N- to Brprovided an alternative synthetic route to generate poly(HAVIM-Br) thermoplastics for
comparison to poly(AVIM-Br) homopolymers.

Figure 3.2. Conventional free radical homopolymerization of (a) HAVIM and (b) AVIM
ionic liquid monomers with subsequent anion exchange.

3.3.2. Molecular Weight Characterization
Aqueous SEC determined imidazolium homopolymer molecular weights relative
to poly(ethylene oxide) standards. Previously, we reported that column interactions and
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polymer aggregation in SEC mobile phases prevented molecular weight analysis of
various

imidazole-

and

imidazolium-containing

polymers.39

The

AVIM-Br

homopolymers remained difficult to analyze with SEC due to either homopolymer
aggregation in various aqueous media or column interactions in organic solvents (DMF,
THF) that prevented homopolymer elution. Conversely, HAVIM-Br homopolymers
exhibited an absence of polymer aggregates, according to DLS, in a 54/23/23 (v/v/v %)
water/methanol/acetic acid co-solvent with 0.1 M NaNO3 and successfully eluted from
the SEC columns as shown in Figure 3.3. The number-average molecular weights (Mn)
increase with increasing substituent chain length and all polydispersity indices (PDI)
were consistent with a conventional free radical polymerization (Table 3.2). Despite
obtaining only HAVIM-Br homopolymer molecular weights, identical polymerization
conditions utilized for AVIM-Br homopolymerizations presumably afforded similar
polymer molecular weights.
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Figure 3.3. Aqueous SEC dRI chromatograms of HAVIM-Tf2N homopolymers,
representative of HAVIM-Br homopolymers.

Table 3.2. Relative Molecular Weights of HAVIM-Tf2N Homopolymers.
Polymer

Mn
(g/mol)

Mw
(g/mol)

PDI

Poly(HEVIM-Tf2N)
Poly(HPVIM-Tf2N)
Poly(HHVIM-Tf2N)
Poly(HOVIM-Tf2N)

26,000
24,000
50,000
57,000

37,200
38,600
75,500
123,700

1.43
1.61
1.51
2.17

3.3.3. Thermal Properties
Counterion selection significantly impacts the thermal properties of cationic
polyelectrolytes.32,33,36 TGA determined the influence of counterion selection and
functional substituent composition on PIL weight loss as a function of temperature
(Figure 3.4, Table 3.3). As expected, the thermal stability of the imidazolium
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homopolymers increases upon anion exchange to the less basic Tf2N- counterion
regardless of substituent chain length. As alkyl chain length is increased, the thermal
stability of the polymers decreases, similar to previous observations.39 Interestingly, the
HAVIM-X homopolymers exhibit significantly increased thermal stabilities (>50 °C)
compared to the corresponding AVIM-X homopolymers. The room temperature ionic
liquids [EMIM][Tf2N] and [HEMIM][Tf2N] also exhibit ~ 50 °C increase in thermal
stability upon addition of a hydroxyl substituent to the ionic liquid monomers; however a
degradation mechanism was not elucidated.16,50

Figure 3.4. Thermal stabilities (Td,5%) for poly(AVIM-X) (filled symbols) and
poly(HAVIM-X) (unfilled symbols), varying alkyl chain length (n) and counterion, X =
Br- (black diamonds), Tf2N- (blue squares). TGA performed at 10 °C/min under N2
atmosphere.
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Table 3.3. Thermal Stabilities (Td,5%) for Poly(AVIM-X) and Poly(HAVIM-X).
Substituent

Anion

Td,5% (°C)

Poly(AVIM-X)
Ethyl
Propyl
Hexyl
Octyl

Bromide
Bromide
Bromide
Bromide

290
292
291
290

Ethyl
Propyl
Hexyl
Octyl

Tf2N
Tf2N
Tf2N
Tf2N

385
305
310
315

Poly(HAVIM-X)
Hydroxyethyl
Hydroxypropyl
Hydroxyhexyl
Hydroxyoctyl

Bromide
Bromide
Bromide
Bromide

301
306
305
308

Hydroxyethyl
Hydroxypropyl
Hydroxyhexyl
Hydroxyoctyl

Tf2N
Tf2N
Tf2N
Tf2N

395
379
368
358

Thermal characterization demonstrated counterion selection and alkyl substituent
composition dramatically influenced the Tgs of the various cationic polyelectrolytes. As
expected, the anion exchange from Br- to the larger Tf2N- counterion significantly
reduces the Tg of AVIM PILs.39,46 Anion exchange to the Tf2N- counterion reduces
polymer Tgs approximately 100-150 °C while increased substituent length on the
imidazolium ring also decreases Tg (Figure 3.5, Table 3.4). Interestingly, the HAVIM
homopolymers exhibit lower Tgs (30-50 °C lower) than their AVIM analogs. The
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increased polarity of the hydroxyl group presumably facilitates solvation of the
electrostatic interactions in the cationic polyelectrolyte, resulting in a reduction of the
Tg.19,20

Figure 3.5. Tgs of poly(AVIM-X) (filled symbols) and poly(HAVIM-X) (unfilled
symbols), varying alkyl chain length (n) and counterion, X = Br- (black diamonds), Tf2N(blue squares). DSC heat/cool/heat performed at 10 °C/min under N2 atmosphere.
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Table 3.4. Glass Transition Temperatures of Poly(AVIM-X) and Poly(HAVIM-X).
Substituent

Ethyl
Propyl
Hexyl
Octyl

Anion
Poly(AVIM-X)
Bromide
Bromide
Bromide
Bromide

Ethyl
Propyl
Hexyl
Octyl

Tf2N
Tf2N
Tf2N
Tf2N

Tg (°C)

245
216
211
196
72
75
69
71

Poly(HAVIM-X)
Hydroxyethyl
Bromide
Hydroxypropyl
Bromide
Hydroxyhexyl
Bromide
Hydroxyoctyl
Bromide

191
160
115
120

Hydroxyethyl
Hydroxypropyl
Hydroxyhexyl
Hydroxyoctyl

48
42
13
17

Tf2N
Tf2N
Tf2N
Tf2N

3.3.4. Morphology
Room temperature X-ray scattering probed the impact of substituent chain length,
n, equal to the number of alkyl units in the (hydroxy)alkyl side chain, and hydroxyl
incorporation on imidazolium homopolymer morphology. Figure 3.6 shows three peaks
in the X-ray scattering intensity versus scattering vector (q) plots. The lower angle peak
at qb ~ 3-5 nm-1 corresponds to the polymer backbone-to-backbone correlation distance,
db, and the higher angle peak at qp ~ 12-14 nm-1 corresponds to the pendant-to-pendant
spacing, dp, or the distance between side chains. The intermediate angle peak at qi ~ 6-10
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nm-1 correlates to anion-to-anion distance, di. These peak assignments agree favorably
with previous literature.41,51

Figure 3.6. Wide-angle X-ray scattering profiles of (a) poly(AVIM-Tf2N) and (b)
poly(HAVIM-Tf2N) homopolymers, where n is the number of alkyl units in the side
chain. X-ray scattering data are shifted vertically for clarity.

The peaks at qi and qp remain unchanged for the imidazolium homopolymers as n
varies from 2 to 8. As the substituent length n increases, qb shifts to lower q values. The
intensity of the peak at qb also increases noticeably due to increased electron density
contrast between polymer backbones and side chains. The incorporation of longer
(hydroxy)alkyl chains increases the local compositional heterogeneity of polar and
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nonpolar moieties. This observation agrees with numerous molecular dynamics
simulation studies of AVIM room-temperature ionic liquids.52-55 Alkyl side chains (n > 4)
increased the scattering length density contrast from the local compositional
heterogeneity of polar and nonpolar substituents. Triolo et al. provided the first
experimental evidence of nanoscale heterogeneities present in imidazolium ionic liquids
and determined the corresponding lengthscale varies proportionally with alkyl chain
length.56
A sharp, intense peak was observed at qb for the AVIM-Tf2N homopolymers
(Figure 3.6a). Conversely, a broader, less intense low-angle peak was observed for the
hydroxyl analogs (Figure 3.6b). The inclusion of terminal hydroxyl groups on the
pendant side chains of the HAVIM-Tf2N hompolymers reduces the electron density
contrast between polar and nonpolar groups compared to the AVIM-Tf2N homopolymers,
causing several of the scattering features to appear better defined for AVIM-Tf2N
homopolymers. Consequently for the shorter substituents (n = 2, 3), the peaks at qi and qp
exhibit less resolution and the qb peak is minimally detectable for the HAVIM-Tf2N
homopolymers compared to the AVIM-Tf2N homopolymers. As the substituent length
increases for poly(HAVIM-Tf2N) (n = 6, 8), the peak at qb becomes more discernible but
remains broader and less intense than the alkyl analogs. Russina and Triolo demonstrated
for room-temperature imidazolium ionic liquids that the replacement of the alkyl
functionality with an ether- or hydroxyl-containing substituent disrupts the mesoscopic
order due to increased side chain polarity producing a more homogeneous
morphology.23,24
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X-ray scattering data was further analyzed to compare correlation lengthscales in
AVIM-Tf2N homopolymers and HAVIM-Tf2N homopolymers. Figure 3.7 depicts the
average polymer backbone-to-backbone distance, <db> = 2π/qb, of the two homopolymer
analogues as a function of alkyl chain length. <db> values are comparable for AVIMTf2N and HAVIM-Tf2N imidazolium homopolymers, suggesting that the addition of a
terminal hydroxyl group to the substituent chain does not lengthen the average backboneto-backbone distance. This may indicate the interaction of the hydroxyl group with the
imidazolium cation. Increased side chain polarity enables a potential interaction with the
imidazolium group through either intra- or inter-molecular hydrogen bonding as
described previously.19,20,25 Figure 3.7 also shows <db> increases linearly at an average
rate of ~0.13 nm/CH2,p for both HAVIM-Tf2N and AVIM-TF2N homopolymers,
indicating the pendant side chains are less than fully interdigitated. Salas de la Cruz et al.
previously investigated the structure of similar AVIM homopolymers and found that the
substituent chain length influences the homopolymer backbone-to-backbone spacing.41
<db> was reported as a function of n, the number of side chain alkyl units, for
poly(AVIM-X) with various counterions (Br-, BF4-, TfO-, Tf2N-) and found to increase at
a rate of ~0.20 nm/CH2. The current study investigates one counterion type, eliminating
the influence of counterion size to more accurately establish the trend of db versus n in
HAVIM-Tf2N and AVIM-Tf2N homopolymers.
The average pendant-to-pendant correlation distance, <dp>, and average anion-toanion distance, <di>, were also determined from X-ray scattering data. Figure 3.7 shows
that <dp> and <di> remain constant as a function of (hydroxy)alkyl side chain length for
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all homopolymers at ~0.46 nm and ~0.72 nm, respectively, consistent with previous
literature.41,51,52
X-ray scattering was also performed at elevated temperatures to probe the
influence of temperature on the morphologies of HAVIM-Tf2N homopolymers. The
temperature-dependent X-ray scattering data for poly(HPVIM-Tf2N) and poly(HOVIMTf2N), shown in Figure 3.8, demonstrate negligible morphological variation for the
homopolymers at increased temperatures. Salas de la Cruz et al. also showed previously
that AVIM-Tf2N homopolymers failed to exhibit morphological changes at elevated
temperatures.41

Figure 3.7. Average backbone-to-backbone (db, diamonds), anion-to-anion (di, squares),
and pendant-to-pendant (dp, triangles) correlation distances, where d = 2  /q, as a
function of number of alkyl units in the side chain, n, for poly(AVIM-Tf2N) and
poly(HAVIM-Tf2N) homopolymers (filled and unfilled symbols, respectively).
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Figure 3.8. Temperature-dependent wide angle X-ray scattering profiles
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of

poly(HPVIM-Tf2N) (n = 3) and poly(HOVIM-Tf2N) (n = 8), with peak positions q
indicated by inverted triangles and diamonds. Corresponding temperature-dependent
correlation lengths are shown in the bottom plots, obtained from d = 2π/q: backbone-tobackbone distance, db (diamond); anion-to-anion distance, di (square); and pendant-topendant distance, dp (triangle).

136

3.3.5. Local Structure and Dynamics
Solid-state NMR (SSNMR) is a powerful technique to understand polymer
structure and dynamics at the molecular level.57-59 SSNMR investigated the molecular
associations and the local morphology present in these novel polymer systems. Figure
3.9a shows standard

13

C CP-MAS spectra of poly(EVIM-Tf2N), poly(HEVIM-Tf2N),

poly(HVIM-Tf2N), and poly(HHVIM-Tf2N). The resonances from the backbone carbons
consist of the methylene (C2) centered at 40.7 ppm as well as the methine (C1) at 56.2
and 53.6 ppm. Upon changing the alkyl chain length from n = 2 to n = 6 or incorporating
a hydroxyl group to the terminus of the substituent chain, significant changes are not
observed in the chemical shifts of methylene carbons. However, the resonance line is
relatively sharper for poly(HEVIM-Tf2N) and poly(HHVIM-Tf2N) compared to
poly(EVIM-Tf2N) and poly(HVIM-Tf2N). This indicates a faster motion for the mainchain carbon with a more polar side chain.
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Figure 3.9. (a)

13

C CP-MAS spectra of poly(EVIM-Tf2N), poly(HEVIM-Tf2N),

poly(HVIM-Tf2N), and poly(HHVIM-Tf2N). Assignments of peaks and their linewidths
provide information about local polymer molecular associations and dynamics. * denotes
peaks from Tf2N- anion. (b) Deconvolution of resonances between 64 - 49 ppm where 1d
and 1o represent the backbone methine carbons in homogeneously disordered and locally
ordered morphologies, respectively. Thus, SSNMR enables the determination of the
percentage of locally ordered morphology in each sample through spectral deconvolution,
shown to the right of each spectrum.

Unlike methylene carbons, methine carbon resonances exhibit remarkable
differences (Figure 3.9b). The methine carbons correspond to the resonances at 56.2 ppm
and 53.6 ppm, except for poly(HEVIM-Tf2N) where the 53.6 ppm peak remains absent.
These two resonances for the methine carbons provide strong evidence of two distinct
chemical environments. In polymers which display a local compositional heterogeneity
of polar and nonpolar substituents, the Tf2N- anions reside away from nonpolar side chain
aggregates and closely bind to imidazolium cations. Consequently, the backbone methine
carbons experience a more negative chemical environment compared to a homogenous
morphology where anions are more regularly distributed throughout the polymer matrix.
Therefore, the upfield resonance at 53.6 ppm was assigned to the locally ordered region
and the downfield 56.2ppm to a more homogeneous composition of polar and nonpolar
substituents. Assuming similar cross-polarization efficiencies in the two morphologies,
the amount of local ordering was quantified through deconvolution of the peaks between
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64-49 ppm (Figure 3.9b). The locally ordered fraction increases from 10% to 68% with
increasing alkyl chain length from n = 2 to n = 6; addition of the hydroxyl group to the
side chain terminus decreases the locally ordered fraction from 10% to 0% for n = 2 and
from 68% to 23% for n = 6. This ordering trend strongly agrees with and amplifies results
from WAXS, where the backbone-to-backbone correlation peak becomes more intense
and narrow with increasing alkyl chain length and less intense and broader with hydroxyl
group incorporation (Figure 3.6). The former corresponds to an increase in nanoscale
heterogeneity of polar and nonpolar moieties and the latter to a decrease in local
heterogeneity.

3.3.6. Ionic Conductivity
Impedance spectroscopy revealed bulk ionic conductivities of Tf2N--containing
imidazolium homopolymers. The Br--containing polymers failed to form intimate contact
with the electrodes due to their high Tgs, resulting in unreliable data. The temperaturedependent ionic conductivities of the imidazolium homopolymers vary as a function of
alkyl chain length and substituent composition (Figure 3.11). The shift in the curve at
1000/T equal to 2.7 corresponds to the change in RH from 10% below 95 °C to < 10%
above 95 °C due to limitations of the wick-based ESPEC BTL-433 environmental
chamber. TGA-SA confirmed that the polymers at 10% RH absorb approximately 0.30
wt. % water under the impedance spectroscopy conditions (Figure 3.10). In Figure 3.11,
the HAVIM-Tf2N polymers exhibit ionic conductivities an order of magnitude greater
than the respective AVIM-Tf2N polymers over the studied temperature range. DSC data
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revealed that the Tgs of HAVIM-Tf2N homopolymers are 30-50 °C lower than those of
their AVIM-Tf2N counterparts, indicating increased segmental motion. The plasticization
effect of the hydroxyl group in HAVIM-Tf2N homopolymers suggests hydroxyl
incorporation and weakened local compositional heterogeneity of polar and nonpolar
substituents improves homopolymer ionic conductivity.
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Figure 3.10. Water absorption of various imidazolium homopolymers at 10% RH at
various temperatures to simulate impedance spectroscopy conditions.
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Figure 3.11. Temperature-dependent ionic conductivities of poly(HAVIM-Tf2N) (filled)
and poly(AVIM-Tf2N) (unfilled) with various alkyl chain lengths.

Tg-independent ionic conductivities of room temperature ionic liquids with similar
structural modifications commonly overlay onto a single master curve, which occurs
when the viscous property of the ionic liquid dominates ionic conductivity. 60,61 Figure
3.12 shows the ionic conductivities of the HAVIM-Tf2N and AVIM-Tf2N homopolymers
versus T-Tg. This Tg-independent ionic conductivity plot confirms a significant effect of
substituent chain length and hydroxyl incorporation on the ionic conductivities of the
imidazolium homopolymers. The data for both the HAVIM-Tf2N and AVIM-Tf2N
homopolymers fail to collapse onto a single curve, which indicates additional factors
other than homopolymer Tg contribute to ion conduction. In each homopolymer system,
as the substituent chain length decreases, the Tg-independent ionic conductivities increase
accordingly: σ(hydroxy)octyl < σ(hydroxy)hexyl < σ(hydroxy)propyl < σ(hydroxy)ethyl. As discussed
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previously, Salas de la Cruz et al. determined intra- and inter-molecular spacings in
amorphous imidazolium polymerized ionic liquids affect ion transport.41 Additionally,
the trend suggests local compositional heterogeneity of polar and nonpolar moieties
proves detrimental to ion conduction, as in each polymer series, the highest ionic
conductivity occurs in the most locally disordered homopolymers. The AVIM-Tf2N
homopolymers display a greater tendency to collapse onto a master curve from the ethyl
to octyl substituents compared to the HAVIM-Tf2N homopolymers. X-ray scattering
determined that the backbone-to-backbone spacing remains similar for AVIM-Tf2N and
HAVIM-Tf2N polymer counterparts, suggesting additional factors influence ionic
conductivity in these homopolymers. Changes in the macromolecular nanoscale
environment as the hydroxyalkyl chain length increases presumably induce a larger curve
shift in the HAVIM-Tf2N homopolymers.
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Figure 3.12. Ionic conductivities as a function of T-Tg (T = 95 °C – 135 °C, < 10% RH)
for poly(HAVIM-Tf2N) (filled) and poly(AVIM-Tf2N) (unfilled) with various alkyl chain
lengths.

3.4. Conclusions
Incorporation of a polar, hydroxyl group into imidazolium homopolymers
disrupted local compositional heterogeneity of polar and nonpolar substituents and
improved

ionic

conductivity

compared

to

traditional

alkylated

imidazolium

homopolymers. Conventional free radical polymerization of imidazolium monomers
afforded high molecular weight homopolymers to investigate the influence of hydroxyl
substituent incorporation and (hydroxy)alkyl chain length on ionic conductivity. As
expected, increasing the (hydroxy)alkyl chain length and counterion exchange lowered
the Tg of the imidazolium homopolymers. More importantly, hydroxyl group
incorporation dramatically reduced the Tg of the imidazolium homopolymers compared to
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the respective alkyl analogs. X-ray scattering and SSNMR showed the increased polarity
of the hydroxyl substituent diminished the local compositional heterogeneity of polar and
nonpolar phases present in the AVIM homopolymers. Consequently, the HAVIM
homopolymers exhibited 10-fold higher ionic conductivities than the corresponding
AVIM macromolecules through the facile attachment of a polar hydroxyl group onto the
imidazolium homopolymers.
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Chapter 4
Effect of Molecular Weight on Ion Transport of
Non-Ionic Diblock Copolymer/Ionic Liquid Films

This work includes contributions from Jason Koski and Professor Robert A. Riggleman
from the University of Pennsylvania.

4.1.

Introduction
Ion-containing block copolymers have been the subject of myriad studies in the

effort to design superior polymer-based components for energy applications, including
solid-state polymer electrolytes for lithium-ion batteries and capacitors, anion exchange
membranes for fuel cells, and efficient active layers in dye-sensitized solar cells. A subset
of these are block copolymers mixed with ionic liquids (ILs), which are low-melting
point salts composed of bulky ions. ILs are liquid at room temperature due to charge
delocalization and they act as a plasticizer and a charge carrier source. ILs offer
advantages over other solvents in that they have low vapor pressures and high chemical,
thermal, and electrochemical stabilities, as well as high neat ionic conductivities. An
ionic liquid can be chosen that selectively swells one of the polymer blocks, creating a
material with a nanostructure of conductive and nonconductive microdomains on the
order of nanometers to tens of nanometers in lengthscale. Nonconductive polymer blocks
with high glass transition temperatures allow the material to remain a solid film with a
high modulus. Block copolymer/ionic liquid mixtures are promising systems that
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facilitate studies of morphology-conductivity relationships and ion transport mechanisms
in block copolymers.
Previous

investigations

of

structure-property

relationships

of

block

copolymer/ionic liquid mixtures have extensively studied the interrelated effects of
composition, glass transition temperature, and morphology on ionic conductivity. In
poly(styrene-b-methyl methacrylate) (SM), poly(styrene-b-2-vinylpyridine) (S2VP), and
poly(styrene-b-ethylene oxide) (SEO) diblock copolymers, imidazolium-based ionic
liquids selectively swell the more polar block and depress its glass transition
temperature.1-6 The combined effects of increasing segmental motion and increasing the
charge carrier density leads to an increase in ionic conductivity. The block copolymers
were also observed to undergo morphological transitions, such as lamellae to inverted
cylinders to inverted face-centered cubic spheres, with the ionic liquid-selective
microdomain becoming increasingly connected with increasing ionic liquid content.
Increased connectivity of the conductive microdomain was shown to be beneficial for ion
transport. In S2VP/ionic liquid mixtures, increasing IL content also corresponds to an
increase in segregation strength between polystyrene and poly(2-vinylpyridine) blocks.5
In poly(sulfonated styrene-b-methylbutylene) (SSMB) mixed with imidazolium-based
ionic liquids, morphological transitions were also explored by tuning anion type and
sulfonation level.7 Anion type dictated the miscibility of the ionic liquid with sulfonated
styrene microdomains, while sulfonation level was found to affect the amount of ionic
liquid incorporation. Again, ion conductivity increased as sulfonated styrene
microdomains became increasingly connected.
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Several studies have examined the impact of molecular weight on ion
conductivity in ion-containing block copolymers and found low conductivities at low
molecular weights (~10 kg/mol). In SEO diblock copolymers and SEOS triblock
copolymers mixed with lithium salt, as well as SEO diblock copolymers mixed with ionic
liquid, ionic conductivity was observed to increase with increasing molecular weight of
the conductive PEO segment below 50 kg/mol.6,

8-11

In these studies, the Sax-Ottino

model12 was employed to further analyze block copolymer conductivity, σSO:
σSO = σcϕcf

(4.1)

In this expression, σc is the inherent conductivity of the conductive microphase, which
encompasses the chemistry and molecular weight of the microdomain. Typically σc is
assumed to be equal to the conductivity of the homopolymer with the same salt
concentration. The volume fraction of the conductive microphase, ϕc, assumes a uniform
composition in the microdomain and ignores the impact of interfaces between
microphases. Finally, f is the morphology factor, which accounts for the shape,
orientation, connectivity, and tortuosity of conductive microdomains. When the
microdomains are well connected and randomly oriented, f is 1/3 for cylinders, 2/3 for
lamellae, and 1 for a bicontinuous morphology. Note that the Sax-Ottino model does not
consider the effects of grain boundaries, defects, or local variations in σc due to
heterogeneous ion distribution within the microdomain.
Experimentally measured conductivity values from block copolymer systems (σ)
can be compared with those predicted by the Sax-Ottino model through the normalized
conductivity, σn:
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σn = σ/(σcϕcf)

(4.2)

For SEO/salt mixtures, normalized conductivities less than 0.3 were observed for PEO
molecular weights less than 20 kg/mol.9 Low normalized conductivities as well as the
molecular weight-dependence of conductivity were attributed to an increase in volume
fraction of low-mobility, low-conductivity segments near styrene-ethylene oxide
interfaces. In S2VP/IL mixtures, however, block copolymer molecular weight was found
to have a negligible effect on ion conductivity.3 Further investigation is needed to
determine the causes of low normalized conductivity values and the molecular weight
dependence of ionic conductivity in block copolymers.
Orienting ion-containing block copolymers ideally eliminates the influence of
grain boundaries, defects, and tortuosity on ion transport, allowing more direct
examination of the ion transport mechanism in block copolymer microdomains. Magnetic
field, electric field, compression, and shear field orientation methods have been applied
to study the structure-property relationships of ion-containing block copolymers. Osuji
and co-workers studied the structure-property relationship of poly(ethylene oxide-b-6-(4′cyanobiphenyl-4-yloxy)-hexyl methacrylate) (PEO-b-PMA/LC) systems doped with
LiClO4, where the PMA/LC block contained covalently bound liquid crystalline moieties
that were oriented by magnetic field.13-17 When the cylindrical PEO/LiClO4
microdomains were aligned perpendicular to the electrodes, a ten-fold increase in ionic
conductivity was observed compared to the unoriented sample. The material was also
deduced to have a nearly single grain structure due to the three orders of magnitude
difference in conductivity measured parallel and perpendicular to the film. The large
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increase in conductivity upon orienting the structure led the authors to believe that
defects and poor connectivity between microdomains drastically reduce ion transport in
block copolymers with isotropic morphologies. Park and Balsara studied the effect of
orientation by electric field, shear field, and compression on the morphology and proton
conductivity of lamellar PSS-b-PMB.18 The highest conductivity anisotropy attained was
75 for the compression-oriented sample, but this processing method only produced a 33%
increase in conductivity when comparing oriented and isotropic samples. This led the
authors to broadly claim that only modest gains in ion transport can be achieved by
orienting lamellar microdomains, removing defects, and reducing tortuosity.
The present work is motivated by several questions pertaining to ion conduction
in block copolymers: (1) Is the ion transport mechanism the same in block copolymer
microdomains and homopolymer systems? (2) What factors affect ion transport in block
copolymers that are not present in homopolymer systems? (3) How does block copolymer
molecular weight influence ionic conductivity in ion-containing block copolymer
systems? (4) What is the effect of microdomain orientation on the ionic conductivity? To
answer these questions, a series of poly(styrene-b-methyl methacrylate) (SM) diblock
copolymer/ionic liquid mixtures with two different molecular weights and the same
volume fraction and IL content were studied. Anisotropic lamellar morphologies are
observed at all investigated compositions and morphology factors are quantified using
small-angle X-ray scattering data. The composition profiles of SM/solvent mixtures,
determined by self-consistent field theory, show that the distribution of solvent is
heterogeneous within conductive PMMA microdomains and solvent content is lower near
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PS-PMMA interfaces. The compositional heterogeneity is greater and solvent content at
the PS-PMMA interface is lower for the lower molecular weight block copolymer,
suggesting that dynamics near the interface are slower for lower molecular weight. Ionic
conductivities measured parallel and perpendicular to the preferential lamellar orientation
are greater for the higher molecular weight block copolymer. The factor of increase in
conductivity with molecular weight is dependent on the orientation of microdomains
relative to the direction of the transport measurement, illustrating the impact of tortuosity
on ion transport. The observed increase in bulk ionic conductivity with increasing block
copolymer molecular weight is attributed to a decreased number density of PS-PMMA
interfaces, which are hypothesized to reduce ion and polymer segmental mobility. When
compared to the analogue homopolymer/ionic liquid mixture at the same ionic liquid
content, the conductivities of diblock copolymer/ionic liquid mixtures are over an order
of magnitude lower and deviate significantly from values predicted by the Sax-Ottino
model. These results suggest that the ion transport mechanism in these block copolymers
is distinct from that of homopolymers and the effects of microphase separation,
compositional variation in conductive microdomains, interfaces, and grain boundaries,
cannot be neglected. This study also clarifies how molecular weight and microdomain
orientation impact ion conductivity in diblock copolymer/ionic liquid mixtures.
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4.2.

Experimental Methods

4.2.1. Materials
Two poly(styrene-b-methyl methacrylate) (SM) diblock copolymers were
purchased from Polymer Source. Abbreviations SM-Low and SM-High are used
throughout the text, corresponding to a lower molecular weight SM (Mn,PS = 21,500
g/mol; Mn,PMMA = 10,000 g/mol; PDI (SM) = 1.06; ϕPS = 0.71) and a higher molecular
weight SM (Mn,PS = 46,100 g/mol; Mn,PMMA = 21,000 g/mol; PDI (SM) = 1.09; ϕPS =
0.71). Poly(methyl methacrylate) (PMMA) was purchased from Polysciences, Inc.
(reported

molecular

weight

of

25,000

g/mol).

1-Ethyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide (EMIm-TFSI) (molecular weight = 391.36 g/mol;
>99% purity) was purchased from Io-li-tec (Tuscaloosa, AL). Toluene (99.9%) was
purchased from Sigma-Aldrich and acetone (99.9%) was purchased from Fisher
Scientific. All materials were used as received.

4.2.2. Sample Preparation
SM diblock copolymer was dissolved in toluene (10% w/w) and stirred overnight.
EMIm-TFSI ionic liquid (IL) was subsequently added to the solutions to achieve the
desired compositions and stirred overnight. Clear solutions were obtained.
To prepare SM/IL films, two methods were used, rapid solvent evaporation and
slow solvent evaporation. The rapid method involves casting SM/IL/toluene solutions
onto Teflon substrates (dimensions: ~ 7 mm x 40 mm x 0.8 mm) in a fume hood and
allowing the solvent to rapidly evaporate. By visual inspection, most of the solvent
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evaporated within 15 min. Films were dried in the fume hood, in air at room temperature,
for up to 2 days to allow residual solvent to evaporate, then dried at 80 ºC under vacuum
for 2 days and annealed at 120 ºC under vacuum for 2 days. The resulting films were
colorless and transparent. The rapid solvent evaporation method resulted in SM-Low/IL
films with strong microphase separation (see Results), whereas using the same method
produced SM-High/IL films with weak microphase separation.
To attain SM-High/IL films with strong microphase separation comparable to
SM-Low/IL films, SM-High/IL/toluene solutions were slowly cast by slowly evaporating
the solvent (7 days) in an acetone/toluene vapor-rich atmosphere (acetone:toluene, 3:1 by
volume). This method involved placing a reservoir of acetone/toluene mixture in the
vicinity of the samples, covering the samples and reservoir with a large inverted glass
petri dish, and sealing the base of the petri dish with aluminum foil. Additional SMLow/IL films were prepared by slow solvent casting in a toluene vapor-rich atmosphere
using the method described above. Slowly cast films were dried and annealed by the
same procedure described in the previous paragraph. Colorless, transparent films were
produced.
To prepare PMMA/IL mixtures, EMIm-TFSI was added to acetone (2 to 5% w/w)
and stirred overnight. PMMA was then added to the solutions to achieve the desired
compositions and stirred overnight, producing clear solutions.
Composition is described in terms of weight fraction of ionic liquid in PMMA/IL,
the conductive microphase of the block copolymer. This is given by
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wIL 

xIL

(4.3)

xIL  xPMMA, neat (1  xIL )

where xIL is the total weight fraction of IL in the SM/IL or PMMA/IL mixture and
xPMMA,neat is the weight fraction of PMMA in the neat polymer (xPMMA,neat = 0.3175 and
0.313 for SM-Low and SM-High, respectively).
The volume fraction of conductive microphase, ϕc, in SM/IL mixtures is
determined as follows:

c  PMMA  IL 

xPMMA /  PMMA  xIL /  IL
xPMMA /  PMMA  xPS /  PS  xIL /  IL

(4.4)

where xPMMA and xPS are the total weight fractions of PMMA and PS in the SM/IL
mixture and ρPMMA, ρPS, and ρIL are the bulk densities of PMMA (1.18 g cm-3), PS (1.06 g
cm-3), and EMIm-TFSI (1.52 g cm-3)19. Characteristics of SM/IL and PMMA/IL mixtures
are listed in Table 4.1.
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Table 4.1. Characteristics of Block Copolymer/Ionic Liquid and Homopolymer/Ionic
Liquid Mixtures.
Polymer

wILa

ϕc b

<σx/σz>c

<σn,x>d

<σn,z>d

SM-Low

0.24

0.34

2.2 ± 0.72

0.024 ± 0.0059

0.018 ± 0.0021

0.48

0.42

10.6 ± 4.6

0.073 ± 0.077

0.016 ± 0.010

0.48 e

0.42

10.1 ± 3.8

0.61

0.48

12.2 ± 5.0

0.028 ± 0.0033

0.025 ± 0.0080

0.047 ± 0.0087

0.17 ± 0.041

0.69

0.53

1.7 ± 0.31

e

0.53

1.8 ± 0.56

0.24 e

0.34

2.0 ± 1.3

0.026 ± 0.0083

0.16 ± 0.054

0.49 e

0.42

7.4 ± 8.2

0.34 ± 0.41

0.17 ± 0.040

0.62 e

0.48

2.5 ± 0.48

0.31 ± 0.26

0.53 ± 0.30

0.69 e

0.53

11.2 ± 3.8

0.22 ± 0.13

0.048 ± 0.018

0.24

1

0.48

1

0.61

1

0.69

1

0.69
SM-High

PMMA

a

Weight fraction of IL in PMMA. b ϕc = ϕPMMA + ϕIL; volume fraction calculated using

bulk densities of PS, PMMA, and IL (ρPS = 1.06 g cm-3, ρPMMA = 1.18 g cm-3, ρIL = 1.52 g
cm-3).

c

Temperature-averaged conductivity anisotropy.

normalized ionic conductivity, determined using Eq. 4.2.

e

d

Temperature-averaged

Prepared by slow solvent

evaporation.
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4.2.3. Thermal Characterization
Thermal transitions were characterized using a TA Instruments Q2000 differential
scanning calorimeter (DSC). Samples weighing ~ 8-12 mg were sealed in Tzero
aluminum pans and underwent two heating and cooling cycles between -150 ºC and 150
ºC, holding at -150 ºC and 150 ºC for 10 min each, followed by a third heating cycle to
150 ºC. Heating and cooling rates of 20 ºC/min were used. The glass transition
temperature was assessed from the third heating cycle using the mid-point method.
To accurately determine PMMA/IL glass transition temperatures and Tg breadths,
modulated DSC (mDSC) measurements were also completed by heating samples to 120
ºC at 10 ºC/min, equilibrating for 10 min, cooling to temperature T1 at 10 ºC/min, then
cooling to temperature T2 at 2 ºC/min with a modulation of 0.635 ºC/min. Values for T1
and T2 were chosen based on previous Tg,PMMA/IL values measured by conventional DSC:
T1 = 80, 40, and 40 ºC for wIL = 0.48, 0.61, and 0.69, respectively; and T2 = 0, -100, -140,
and -140 ºC for wIL = 0.24, 0.48, 0.61, and 0.69, respectively. For wIL = 0.24, samples
were cooled from 120 ºC to T2 at 2 ºC/min with a modulation of 0.635 ºC/min without
first cooling to T1. Peaks in the mDSC derivative reversing heat flow signal were fit with
a Lorentzian model (Appendix A, Figures A.1, A.2), and Tg,PMMA/IL and Tg,PMMA/IL
breadth values were determined from the peak center and peak width, respectively.

4.2.4. Small-Angle X-ray Scattering
Small-angle X-ray scattering (SAXS) was performed on a multi-angle X-ray
scattering system that generates Cu-Kα X-rays,  = 0.154 nm, from a Nonius FR 591
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rotating anode operated at 40 kV and 85 mA. The bright, highly collimated beam was
obtained via Osmic Max-Flux optics and pinhole collimation in an integral vacuum
system. Scattering data were collected for 1 h using a Bruker Hi-Star two-dimensional
detector with a sample-to-detector distance of 150 cm. Two scattering geometries were
used, as depicted in Figure 4.1: (1) with the incident X-ray beam along z (normal to the
film) and (2) with the X-ray beam along y (in the plane of the film).
Data were analyzed using Datasqueeze software.20 The intensities were first
corrected for primary beam intensity, and then background scattering (scattering from an
empty cell under vacuum) was subtracted. Isotropic 2-D scattering patterns from
Geometry 1 (normal to the film) were integrated azimuthally from 0 to 360º to yield 1-D
intensity versus scattering vectors qx and qy. The anisotropic 2-D scattering patterns from
Geometry 2 (in the plane of the film) were integrated from 80 to 100º to yield 1-D
intensity versus qz. Scattering intensities were reported in arbitrary units (a.u.).
Morphologies were classified by comparing higher order peak positions to those of
known block copolymer morphologies and scattering form factors.21
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Figure 4.1. Schematic depicting small-angle X-ray scattering experiments conducted in
two sample geometries. (a) Intensity as a function of scattering vector qx (= qy) is
obtained by azimuthal angle integration from 0 to 360º. (b) Intensity as a function of qz is
obtained by azimuthal angle integration from 80 to 100º.

4.2.5. Morphology Factor Analysis
In the Sax-Ottino model, the morphology factor, f, describes the shape and
orientation of block copolymer microdomains. For an isotropic block copolymer, f is
equal to 1/3 for hexagonal close-packed conductive cylinders, 2/3 for lamellae, and 1 for
bicontinuous gyroid morphologies. These values correspond to the average fraction of
microdomains oriented along the transport direction for a given morphology, assuming
random orientation of microdomains. This is illustrated in Figure 4.2 for an A-B diblock
copolymer with lamellar microdomains, where A is conductive and B is non-conductive.
Lamellae orientations are described by their normal vectors using Cartesian coordinates
x, y, and z. In a simplified scenario, with lamellae oriented exclusively in three
orthogonal directions, an equal fraction (1/3) of lamellae are oriented normal to x, y, and
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z, and conduction along the Cartesian axes is only permitted in two out of three of the
directions, yielding f = 2/3. In the third direction, the orientation of B lamellae normal to
the transport direction inhibits conductivity. The influence of grain boundaries is omitted
from this prediction.

Figure 4.2. For randomly oriented lamellae, ion transport along x is only permitted in
two out of three of the Cartesian directions, yielding the morphology factor value f = 2/3.

Using small-angle X-ray scattering data from Geometry 2, morphology factors
were determined for the lamellar SM/IL mixtures (Figure 4.3). 2-D SAXS data collected
with the X-ray beam along y (in-plane scattering geometry, yielding qz- and qx-dependent
intensities) were integrated over the q-range of the primary peak to produce 1-D profiles
of intensity versus azimuthal angle, φ. The area under the intensity curve was integrated:
Ax 

 /4



0

3 / 4

 Id 

 Id

(4.5)

3 / 4

Az 

 Id

(4.6)

 /4
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where Ax and Az are the integrated areas under the intensity versus azimuthal angle curve
and correspond to lamellar microdomains with normal vector components along x and z,
respectively. Not all lamellae normals are perfectly oriented along x or z, and the
integration bounds account for this distribution in microdomain orientation about the
Cartesian axes. It is assumed that the microdomain orientation is equivalent along the xand y-axes, so Ax = Ay, which is justified by the isotropic 2-D X-ray patterns from
Geometry 1.
Lamellae with orientation vector components along y and z will contribute to ion
transport in the x direction and lamellae with orientation vector components along x and
y will contribute to transport in the z direction (Figure 4.2). The parameters fx and fz are
the morphology factors for transport in the x and z directions, respectively, given by
ΣA = Ax + Ay + Az

(4.7)

fx = (Ay + Az)/ΣA

(4.8)

fz = (Ax + Ay)/ΣA

(4.9)

Normalized conductivities in the x and z directions are given by
σn,x = σx/(σcϕcfx)

(4.10)

σn,z = σz/(σcϕcfz)

(4.11)

where σx and σz are the measured conductivities in-plane and through the film.
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Figure 4.3. Example calculation of morphology factors, fx and fz, from 2-D SAXS data
(Geometry 2). (a) 2-D SAXS data are integrated over the q-range of the primary peak
(dashed line) to yield intensity versus azimuthal angle profiles (shown in (b)). (b) The
areas are integrated to yield Ax and Az, which are used to determine fx and fz, Eq. 4.7-4.9.
The morphology of this sample is lamellae oriented predominantly in the plane with fx =
0.85 and fz = 0.30.
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4.2.6. Electrochemical Impedance Spectroscopy
Ionic conductivities were measured by electrochemical impedance spectroscopy
using a Princeton Applied Research Parstat 2273 Potentiostat and Powersuite® software,
operated at AC amplitudes ranging from 20 to 600 mV over a frequency range of 0.1 to
106 Hz. Measurements were performed in an argon-filled glove box and temperature was
controlled using an Instec HCS410 temperature stage (accuracy within 0.1 ºC).
Impedance values were measured on heating and samples were equilibrated at each
temperature (30 to 150 ºC, 20 ºC steps) for at least 10 min prior to measurement.
Impedances were measured after cooling to the minimum temperature, and thermal
reversibility was confirmed. For SM/IL samples, the in-plane (x) and through-plane (z)
conductivities were measured using custom 4-point and 2-point stainless steel electrodes,
respectively (Figure 4.4). For the 4-point setup, free-standing polymer films were
supported by Teflon substrates. For the 2-point setup, samples were annealed between
electrodes for 2 h at 150 ºC under vacuum prior to the experiment to ensure good contact
between the sample and electrodes. A PET spacer (thickness ~ 0.1 mm) was inserted
between the electrodes to ensure a constant minimum sample thickness during annealing
and the experiment. Following impedance experiments, sample dimensions were
measured using a Marathon electronic digital caliper (0.01 mm precision) and Marathon
electronic digital micrometer (0.001 mm precision).
The low viscosity of PMMA/IL mixtures at high IL loadings prevented the use of
the four-probe setup to measure x-direction ionic conductivity. PMMA/IL samples were
prepared for 2-point measurements (z) by first either sandwiching a free-standing film
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between stainless steel electrodes or casting PMMA/IL/acetone solution onto a Teflon
substrate, allowing solvent to evaporate, transferring the sample to a stainless steel
electrode, and sandwiching the sample between electrodes. The second method was used
to avoid cracking of films due to brittleness at low IL content (wIL = 0.24) or dewetting of
films during annealing at high IL content (wIL = 0.61, 0.69). A PET spacer was also
sandwiched between 2-point electrodes as described above. Samples were then annealed
under vacuum for 2 h at T > Tg: T = 60 ºC for wIL = 0.61 and 0.69; T = 90 ºC for wIL =
0.48; and T = 140 ºC for wIL = 0.24. Following impedance experiments, sample
dimensions were measured as described above.
The resistance, R, was determined from semi-circle fitting of impedance spectra
Nyquist plots (-Z" versus Z'), where R corresponded to the low-frequency, high xintercept on Nyquist plots. In the case of 2-point measurements on low-resistance
materials where no semi-circle was observed in the Nyquist plot, the Warburg impedance
was fit with a linear regression and R was taken to be the x-intercept. Conductivities were
determined according to σx = L/(AR) and σz = t/(AR) for the x- and z-direction,
respectively. For the 4-point (x) set-up, L corresponds to the distance between the inner
electrodes and A is the cross-sectional area given by A = wt, where w and t are the width
and thickness of the sample. For the 2-point (z) set-up, t corresponds to the sample
thickness and A = wl, where w and l are the width and length of the sample. Reported
conductivity values are an average of three measurements on the same sample.
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Figure 4.4. Schematic of four-point and two-point impedance measurements to probe
ionic conductivity in x- and z-directions, respectively.

4.2.7. Self-Consistent Field Theory
Self-consistent field theory calculations (SCFT) were performed to elucidate the
effect of molecular weight on the distribution of IL within the microdomain. Using a
polymer field theory formalism, polymer chains were modeled as discrete Gaussian
chains with degree of polymerization N, where the PMMA and PS blocks of the polymer
have degree of polymerization NPMMA and NPS, such that N = NPMMA + NPS. The
statistical segments of the polymer chains are connected with a Gaussian bonding
potential
nD N 1

3( ri , j  ri , j 1 ) 2

i 1 j 1

2b 2

U 0  

(4.12)

where nD is the number of diblocks in the system and b is the statistical segment size of
the polymer. For simplicity, the ionic liquid is treated as a solvent, S, and Coulombic
interactions are neglected. This approximation is based on the assumption that the ionic
liquid is not dissociated within the diblock melt. All enthalpic interactions are treated
with a purely repulsive Flory-like contact potential,
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U 1  
i j

 ij
drˆ i (r ) ˆ j (r )
0 

(4.13)

where χij is the Flory parameter governing the strength of interaction between components
i and j, ρ0 is the total system density, and

is the spatially varying microscopic

density of component k. As a result, three enthalpic parameters are used: χPMMA-PS, χPMMASolvent

, and χPS-Solvent. The system is treated as incompressible by implementing the

constraint that the total density must equal ρ0 at every point in the simulation box. This is
given by

 ˆ  (r )   0 
where

(4.14)

. The incompressibility constraint ensures

that nD*N + nS = ρ0*V or, similarly, ϕD + ϕS = 1. Here, nS is the number of solvent
molecules, V is the total volume, and ϕD and ϕS are the volume fractions of the diblock
copolymer and solvent, respectively. Finally, Hubbard-Stratonovich transformations are
used to decouple the intermolecular interactions and produce a field-based partition
function, and the model is evaluated under the mean-field approximation.22
Experimental parameters were mapped to simulation parameters through
measured monomer volumes and statistical segment lengths at 413 K.23 The χ parameter
between PS and PMMA was taken to be 0.04-0.06 at room temperature.24 N for the SMLow was chosen to be 48, while N was chosen to be 100 for SM-High. As a result,
χPMMA-PSN = 15 for SM-Low and χPMMA-PSN = 31.25 for SM-High. After conducting a
series of test SCFT calculations, χPS-Solvent = 4 was chosen as this value proved to exclude
the solvent from the PS block (< 1%) without making the SCFT calculations overly stiff.
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Similarly, χPMMA-Solvent = 0.5 was chosen as this value still incorporates a repulsion
between the PMMA block and the solvent and avoids macrophase separation for ϕS <
0.334.
In each simulation, the block copolymer/solvent mixture was biased to form a
single lamellar period, and the ideal period of the system corresponding to the free energy
minimum was numerically determined using Brent’s method. The lamellae spacings of
SCFT systems were scaled by 2.09 nm to match the SCFT-determined and
experimentally measured lamellae spacing of the neat block copolymer. The calculations
were performed using pseudo-spectral methods in a 2D simulation box with periodic
boundary conditions, and the length of the box parallel to the lamellar interface was held
constant in all simulations at 10b with Nx = 15 collocation points while Ny = 315
collocation points were used in the direction perpendicular to the interface. Under the
mean-field approximation, the densities of the diblock and solvent are not a function of
the direction parallel to the lamellar interface due to the symmetry of the lamellar
forming diblock, and additional collocation points are unnecessary. However, additional
collocation points were used in the direction perpendicular to the interface to ensure the
interface of the diblock and the solvent distribution was properly resolved. The density
distributions of PMMA, PS, and solvent in the direction perpendicular to the interface
were assessed.
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4.3.

Results

4.3.1. Morphology of SM-Low/IL and SM-High/IL Mixtures
The volume fraction of conductive microphase, ϕc, and microdomain orientation
are known to strongly influence ionic conductivity in ion-containing block copolymer
systems. In addition to the nanostructure, the local structure within microdomains and the
ion distribution affect the local dynamics of polymer segments and ions, which in turn
influence ionic conductivity. To investigate these attributes in detail, the morphologies of
SM-Low/IL mixtures prepared by rapid solvent evaporation and SM-High/IL mixtures
prepared by slow solvent evaporation were characterized in two directions by small-angle
X-ray scattering, as shown in Figure 4.1. For both SM-Low and SM-High, the scattering
intensity is isotropic in the xy plane (Geometry 1) and anisotropic in the xz plane
(Geometry 2). SAXS data for SM-Low/IL and SM-High/IL films are shown in Figure
4.5. The composition wIL corresponds to the weight fraction of ionic liquid in the PMMA
microdomain. The SAXS profiles for all investigated compositions contain strong, welldefined scattering peaks. By using different casting methods, the strength of microphase
separation is comparable for SM-Low/IL and SM-High/IL mixtures. Peaks are located at
integer multiples of the primary peak position, q*, indicating that these films have
strongly segregated lamellar morphology. In addition, higher-order peaks are seen for all
compositions and both molecular weights, indicating long-range order of lamellae. Peak
indices are indicated in Figure 4.5.
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Figure 4.5. Small-angle X-ray scattering profiles of SM/IL films with various
compositions wIL: (a) 0.24, (b) 0.48, (c) 0.61, (d) 0.69. Scattering profiles are shown in
two directions, qxy (filled) and qz (open), and for SM-Low (●), prepared by rapid solvent
evaporation, and SM-High (♦), prepared by slow solvent evaporation. Arrows indicate
reflections characteristic of lamellar morphology.

As IL content increases, the primary peak position shifts to lower q, indicating an
increase in domain size due to IL uptake. It is also seen that the even-ordered scattering
peaks (at 2q*, 4q*, 6q*, etc.) diminish in intensity, disappear, and reappear. This
indicates that the lamellar form factor and volume fraction, ϕc, is changing due to
selective uptake of IL by one of the blocks. This is consistent with previous results
showing that EMIm-TFSI selectively solvates the PMMA block in SM diblock
copolymers and is highly immiscible with PS.1 Both SM/IL systems exhibit a point of
symmetric composition where the lamellar form factor minima correspond to the
positions of the even-ordered peaks, specifically at wIL



0.61 for SM-Low and wIL



0.69 for SM-High. These compositions correspond to ϕc = 0.48 - 0.53 (Table 4.1) and are
in good agreement with the expected ϕc = 0.5.
When comparing scattering plots for different molecular weights at constant IL
content, it is seen that the primary peak for SM-High is at lower q, indicating a larger
domain spacing, as expected. It is noted that the higher index of the highest order peaks
(up to 13qz*) in SM-High/IL compared to SM-Low/IL (up to 7qz*) does not necessarily
indicate greater long-range order in SM-High/IL mixtures, due to the higher peak
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position of q*SM-Low and subsequent shifting of higher order peaks to q-values outside of
the range of this SAXS measurement (q > 1.4 nm-1).
Increased relative intensities of several higher order peaks in qz scattering and
increase in number of higher order qz peaks compared to qxy peaks indicate greater longrange order of lamellae and preferential alignment of lamellae in the plane of the film for
both SM-Low/IL and SM-High/IL mixtures. For example, in Figure 4.5b comparing the
qxy and qz scattering profiles for SM-Low-48, the relative intensities of higher-order
peaks from 2qz* to 6qz* are greater than the same-index peaks in qxy scattering. For SMHigh-48, additional peaks are observed at 7qz*, 9qz* , and 11qz* that are not evident in
the qxy profile. It is noted that SM-High-69 has weak features in qxy scattering and strong
features in qz scattering, unlike the other films that exhibit multiple strong reflections in
qxy scattering. This indicates strongly preferential orientation of lamellae in the plane of
the film and greater anisotropy for SM-High-69 compared to other films.
As detailed in Section 4.2.5, analysis of X-ray scattering data from Geometry 2
provides a measure of the morphology factors relevant to the Sax-Ottino model, Eq. 4.1.
Figure 4.6 shows morphology factors, fx and fz. For both molecular weights, at all
compositions, fx is greater than fz by a factor of 1.4 to 12. fx is also larger than the
theoretical value of 2/3 for isotropic lamellae, whereas fz is less than 2/3. This is
consistent with a preferential orientation of lamellae in the plane of the film. For SMLow, fx increases with IL content and fz generally decreases, indicating an overall
increase in parallel orientation of lamellae with increasing IL content. The reverse is
observed for SM-High, suggesting an overall decrease in parallel orientation of lamellae
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with increasing IL content. Large values of fx (> 0.9) suggest that ion conductivity in the
x-direction for some of these block copolymer/IL mixtures should approach values of the
equivalent homopolymer/IL mixtures as ϕcσn, according to the Sax-Ottino model.

Figure 4.6. Morphology factors, fx (diamonds) and fz (circles) determined from SAXS for
SM-Low/IL mixtures (black) prepared by rapid solvent evaporation and SM-High/IL
mixtures (blue) prepared by slow solvent evaporation.

Average lamellar lattice parameters, L, shown in Figure 4.7, were determined
from scattering data by fitting the peak position to L = 2πn/qn, where n is the peak index.
Lxy and Lz differ by less than 4% for SM-Low and less than 7% for SM-High. L increases
with increasing composition (wIL = 0 to 0.69) by a factor of 1.8 for SM-Low and a factor
of 1.7 for SM-High. Values for L are 50 to 75% greater for SM-High than SM-Low, as
expected. Average thicknesses of PMMA/IL and PS microdomains were also determined
as a function of composition and molecular weight, where LPMMA+IL = Lϕc and
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LPS = L(1 - ϕc). LPMMA+IL increases with wIL by a factor of 3.4 and 3.1 for SM-Low and
SM-High, respectively. LPS increases from wIL = 0 to 0.24 by 34% and 27% for SM-Low
and SM-High, respectively, indicating that the addition of IL causes increased stretching
of PS chains and sharpening of the PS-PMMA interface. This is due to the strong
immiscibility of EMIm-TFSI and PS, which drives the system to reduce unfavorable
PS/IL contacts. From wIL = 0.48 to 0.69, LPS decreases 11% and 14% for SM-Low and
SM-High, respectively. This is due to the increase in chain junction area with increasing
IL content, which forces PS chains to expand laterally while simultaneously allowing PS
chains to relax perpendicular to the lamellae. Similar results have been reported in block
copolymer/homopolymer blends.25
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Figure 4.7. Lamellar domain spacings as a function of composition, wIL, determined by
small-angle X-ray scattering (as a function of orientation, xy (●) and z (■)) and selfconsistent field theory (♦) for SM-High/IL and SM-Low/IL mixtures (open and filled
symbols, respectively): (a) lamellar period, (b) PMMA/IL microdomain thickness, and
(c) PS microdomain thickness.
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4.3.2. Ionic Liquid Distribution in SM-Low/IL and SM-High/IL Mixtures
Self-consistent field theory (SCFT) calculations were performed to explore the IL
distribution within PMMA microdomains as a function of IL content and SM molecular
weight. SM/IL mixtures were simulated as A-B diblock copolymer chains with solvent
(S) molecules. Values for L, LPMMA+S, and LPS determined from SCFT are shown in
Figure 4.7. The trends are qualitatively similar, with L and LPMMA+S increasing over the
composition range and LPS initially increasing at low solvent content, then decreasing
upon further addition of solvent. L increases with increasing composition by a factor of
1.6 for SM-Low and a factor of 1.4 for SM-High. Similar to experimental data, values for
L are 58 to 85% greater for SM-High than SM-Low. LPMMA+S increases with wS by a
factor of 2.9 and 2.3 for SM-Low and SM-High, respectively. LPS increases from wIL = 0
to 0.24 by 18% and 9% and decreases from wIL = 0.24 to 0.69 by 10% and 14% for SMLow and SM-High, respectively. SCFT and experimental values differ for L by a factor
of 1.2 and 1.1 for SM-Low and SM-High, respectively; by a factor of 1.1 for LPMMA+S;
and by a factor of 1.2 for LPS. These quantitative discrepancies are attributed to
simplifications in the numerical calculations, which do not account for electrostatic
effects and treat the solvent molecules as point particles. However, the SCFT calculations
capture the composition-dependent trends in L, LPMMA+S, and LPS that were observed by
SAXS, indicating that the simulations provide a sufficient description of the experimental
data.
Solvent concentration profiles, ϕS, are shown in Figure 4.8. The solvent content in
the PMMA-solvent microdomain is indicated between the nearly vertical segments of the
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profile. For SM-Low at wS = 0.24 (Figure 4.8a), ϕS is nearly uniform across the
PMMA/Solvent microdomain. As wS increases, ϕS becomes increasingly non-uniform. A
solvent-rich region forms in the center of the microdomain, indicated by a peak in ϕS.
These profiles also show the increase in microdomain thickness with increasing wS,
consistent with the swelling of PMMA chains normal to the PS-PMMA microdomain
interface. Similar results are observed for SM-High.
There are noticeable differences between the profiles for SM-Low and SM-High
at a fixed wS. The solvent distribution in SM-High is more uniform, as indicated by the
smaller gradient in ϕS in the PMMA-solvent microdomain. In addition, ϕS at the PSPMMA/solvent interface, indicated by open circles, is higher for SM-High compared to
SM-Low at wS ≥ 0.48. The more uniform distribution of solvent within PMMA/solvent
microdomains for SM-High is driven by the increased χN, or immiscibility between PS
and PMMA/solvent microphases, and increased chain stretching to minimize PS/PMMA
contacts. The larger entropic penalties of microphase separation and chain stretching for
the higher molecular weight are balanced by an entropic gain from mixing of PMMA and
solvent, resulting in increased solvation of PMMA segments and reduced compositional
heterogeneity within the PMMA/solvent microdomain.
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Figure 4.8. SCFT solvent concentration profiles for SM-Low (black solid line) and SMHigh (red solid line) as a function of solvent (S) content: wS = (a) 0.24, (b) 0.48, (c) 0.61,
and (d) 0.69. Open circles indicate the composition at the PS-PMMA/solvent interface.

4.3.3. Morphology of SM-Low/IL Mixtures Prepared by Slow Solvent Evaporation
Increased connectivity of microdomains is known to enhance ionic conductivity
of block copolymer/ionic liquid mixtures and can be achieved through aligning the block
copolymer nanostructure. To increase the in-plane orientation of lamellar microdomains,
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two SM-Low/IL films were prepared by slow solvent evaporation and their morphologies
were characterized in two directions, as shown in Figure 4.9. Strong scattering peaks are
observed at qz* with peak ratios 1:2:3:4:5:6 for wIL = 0.48, indicating a strongly
microphase separated lamellar morphology with long-range order. Interestingly, the
scattering intensity as a function of qxy only contains a weak shoulder at qxy ~ 0.156 nm-1,
suggesting that ordered structures satisfying the Bragg scattering condition are negligible
when probing the sample morphology in this orientation. These scattering results indicate
that the lamellar structure in slowly cast SM-Low-48 is highly anisotropic with strong
preferential orientation of lamellae normals along the z-direction. In contrast, higher
order peaks were observed in qxy scattering for SM-Low-48 prepared by rapid solvent
evaporation (Figure 4.5). Strong scattering peaks are also observed in the scattering data
for wIL = 0.69, located at qz* with peak ratios 1:2:3:4:5:6:7:8, and comparatively weaker
peaks are observed along qxy* with peak ratios of 1:3:4:5. This again indicates a lamellar
morphology with strong microphase separation and long-range order, with lamellae
normals oriented preferentially along z. Higher order peaks were not observed at 7qz*
and 8qz* for the rapid solvent evaporation sample (Figure 4.5), indicating improved longrange order and increased grain size after slow solvent evaporation. Lamellar lattice
parameters are comparable to the rapidly cast SM-Low mixtures: Lz = 35.3 nm for wIL =
0.48 and Lxy = 38.2 nm and Lz = 38.3 nm for wIL = 0.69. PMMA/IL and PS microdomain
thicknesses are LPMMA+IL,z = 14.8 nm and LPS,z = 20.5 nm for wIL = 0.48 and LPMMA+IL,xy =
20.2 nm, LPS,xy = 18.0 nm, LPMMA/IL,z = 20.3 nm, and LPS,z = 18.0 nm for wIL = 0.69.
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Figure 4.9. Small-angle X-ray scattering profiles of highly anisotropic, strongly
microphase separated SM-Low/IL films prepared by slow solvent evaporation with (a)
wIL = 0.48 and (b) wIL = 0.69. Arrows indicate reflections characteristic of lamellar
morphology.

4.3.4. Glass Transition Temperatures of SM/IL Mixtures
Glass transition temperatures (Tg) of SM-Low/IL, SM-High/IL, and PMMA/IL
mixtures were measured by differential scanning calorimetry and found to be strongly
coupled with IL content (Figure 4.10). For the block copolymers, two Tgs are observed at
each composition, consistent with the microphase separated morphologies observed by
SAXS. The composition-dependent Tg in SM diblock copolymer/IL mixtures is attributed
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to the PMMA block due to the preferential miscibility of the IL, and the invariant second
Tg at ~ 100 ºC is attributed to the PS block. The Tg values are comparable to those
previously observed by Gwee et al.1 The Tg,PMMA/IL decreases with increasing IL content,
indicating that PMMA segmental mobility increases with increasing wIL and the IL
behaves as a plasticizer. At wIL = 0.48, an additional Tg is observed at < 0 ºC, which is
attributed to the presence of IL-rich regions in PMMA microdomains. It is noted that this
Tg,PMMA/IL,2 appears as a broad shoulder in the mDSC derivative reversing heat flow
signal and is considered the non-dominant Tg of the PMMA/IL microdomain. Mok et al.
previously observed two broad glass transition features in their DSC measurements of
PMMA/EMIm-TFSI mixtures (Mn,PMMA = 125 kg/mol, 335 kg/mol) at wIL ranging from
0.5 to 0.65.26 The authors attributed these results to having regions locally rich in PMMA
or EMIm-TFSI, resulting in the characterization of two distinct dynamic relaxations.
With the exception of Tg,PMMA/IL,2 at wIL = 0.48, Tg,PMMA/IL values of SM-Low/IL are
higher than their SM-High/IL counterparts at the same IL content by 3 to 19 ºC.
Interestingly, SCFT results showed that SM-Low/solvent mixtures have a lower solvent
content at the PS-PMMA/solvent interface compared to SM-High/solvent mixtures
(Figure 4.8), suggesting that SM-Low/IL mixtures have a higher Tg,PMMA/IL and slower
dynamics near the interface. The Tg,PS values of SM-Low/IL and SM-High/IL mixtures
vary by less than 5 ºC. For PMMA/IL mixtures, a single Tg is observed at wIL = 0.24,
0.61, and 0.69, confirming the miscibility of PMMA and IL over a wide composition
range, and two Tgs are observed at wIL = 0.48, again suggesting the formation of regions
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with higher IL content. Homopolymer PMMA/IL Tgs are within 20 ºC of the
corresponding Tg,PMMA/IL values of diblock copolymer/IL mixtures.
At wIL = 0.24, Tg,PMMA/IL values of SM/IL mixtures are greater than that of the
PMMA/IL mixture. This is attributed to the influence of covalently bonded PS segments,
which raise the Tg,PMMA/IL of SM/IL mixtures compared to PMMA/IL. As more IL is
added, this effect is countered by the IL's plasticizing effect. At wIL = 0.48, Tg,PMMA/IL,1
increases in the order SM-High < SM-Low < PMMA and Tg,PMMA/IL,2 in the order SMLow < PMMA < SM-High. At wIL = 0.61, 0.69, Tg,PMMA/IL increases in the order SMHigh < PMMA < SM-Low.
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Figure 4.10. Glass transition temperatures as a function of composition for (a) SMLow/IL (●), (b) SM-High/IL (■), and (c) PMMA/IL (♦) mixtures. Error bars denote Tg
breadths. In (a) - (c), lines correspond to predictions by the Gordon-Taylor model, with k
values indicated on the plot. In (a) and (b), Tg,PS and Tg,PMMA/IL are represented by open
and filled symbols, respectively. (d) Data from (a) - (c) are plotted together for
comparison.
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The PMMA/IL microdomains and analogous homopolymer/IL mixtures exhibit
broad glass transitions, with Tg breadths ranging from 22.3 to 236.8 ºC. The PS
microdomain glass transitions are narrower by comparison, with breadths ranging from
4.8 to 10.4 ºC. The broad PMMA/IL glass transitions indicate dynamic heterogeneity in
PMMA/IL mixtures. This is consistent with the compositional heterogeneity in
PMMA/solvent microdomains revealed by SCFT calculations of SM diblock
copolymer/selective solvent mixtures (Figure 4.8). Local non-uniformity in the
composition results in a broad distribution of dynamic relaxations for PMMA/IL
mixtures and PMMA/IL microdomains. For all mixtures, the breadth of Tg,PMMA/IL varies
with composition. The largest Tg,PMMA/IL breadths are 112.5, 202.2, and 236.8 ºC observed
at wIL = 0.48 (Tg,PMMA/IL,2) for SM-Low, SM-High, and PMMA, respectively, and 170.7,
84.3, and 90.8 ºC at wIL = 0.61 for SM-Low, SM-High, and PMMA, respectively.
Experimental data were compared to model predictions by the Gordon-Taylor
equation, which describes the glass transition behavior of a copolymer with ideal volume
mixing of two components (no volume change upon mixing27). This is given by

Tg 

w1Tg1  w2 kTg 2
w1  kw2

(4.15)

where w1 and w2 correspond to the weight fractions of EMIm-TFSI and PMMA in the
PMMA/IL microdomain, and Tg1 and Tg2 correspond to the glass transition temperatures
of neat IL and neat PMMA, which are 183 K and 393 K, respectively. k is an empirical
fitting parameter equal to Δβ2/Δβ1 = (β2,R–β2,G)/(β1,R–β1,G), where βR and βG are the
coefficients of thermal expansion of the rubbery and glassy states, respectively, and 1 and
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2 again correspond to neat EMIm-TFSI and PMMA, respectively. If k = Tg1/Tg2, Eq. 4.12
simplifies to the Fox equation, given by
w
w
1
 1  2
Tg Tg1 Tg 2

(4.16)

which describes a plasticized polymer where the two components are fully miscible. For
a mixture of PMMA and EMIm-TFSI, this corresponds to k = 0.466. The Tg data of the
investigated mixtures are fit with two Gordon-Taylor expressions, indicating two
composition dependences of Tg,PMMA/IL. At wIL < 0.5, k ~ 1, and at wIL > 0.5, k ranges
from 0.42 to 0.48. The composition dependence of Tg,PMMA/IL at high IL content is nearly
described by the Fox equation for polymers mixed with miscible plasticizers, as expected
for PMMA and EMIm-TFSI. The crossover at 0.48 ≤ wIL ≤ 0.61 from k ~ 1 to k ~ 0.5
corresponds to the formation of an IL-rich region in PMMA/IL microdomains, where ϕIL
> ϕPMMA according to SCFT calculations (Figure 4.8). The dual composition dependences
of the Tg,PMMA/IL data reflect the dynamic heterogeneity in PMMA/IL microdomains and
mixtures and the distinct dynamic behaviors of the polymer and the ionic liquid. The
dynamics of PMMA/IL mixtures are dominated by the segmental relaxations of PMMA
chains at low IL content and transition to ionic liquid-like dynamics at high IL content.

4.3.5. Ionic Conductivities of SM/IL and PMMA/IL Mixtures
To probe the effects of morphology and microdomain orientation on ionic
conductivity in SM/IL mixtures, the ionic conductivities of SM-Low/IL mixtures
prepared by rapid solvent evaporation and SM-High/IL mixtures prepared by slow
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solvent evaporation were measured in the x- and z-directions. Representative
temperature-dependent ionic conductivity plots are shown in Figure 4.11 for SM-Low/IL,
SM-High/IL, and PMMA/IL mixtures with wIL = 0.48, and analogous plots for the
remaining compositions are shown in Appendix A, Figure A.3. For both SM-Low/IL and
SM-High/IL, ionic conductivity increases with f and is higher in the x-direction than the
z-direction at a given molecular weight and composition. This is consistent with the
preferential orientation of lamellae and reduced microdomain tortuosity in the plane of
the film. In the x-direction, conductive PMMA/IL layers are preferentially oriented along
the direction of ion transport. In the z-direction, non-conductive PS layers are
preferentially oriented normal to the direction of ion transport, creating a highly tortuous
pathway for ion conduction. Conductivity anisotropy (σx/σz) values generally decrease
with temperature, with the exception of SM-Low-61. Temperature-averaged conductivity
anisotropy values (<σx/σz>) as a function of composition for the eight SM/IL mixtures are
listed in Table 4.1 vary from ~2 to 12 with composition. Conductivities (σz) of
homopolymer PMMA/IL mixtures at the same IL content are shown in Figure 4.11 for
comparison. At all compositions and temperatures, the conductivity of PMMA/IL
exceeds that of the diblock copolymer/IL mixtures by half an order to over two orders of
magnitude. The values of conductivity are comparable to those observed at the same
composition and temperature by Susan et al. in mixtures of crosslinked PMMA and
EMIm-TFSI.28
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Figure 4.11. Ionic conductivity as a function of inverse temperature and microdomain
orientation for (a) SM-Low/IL (●) and (b) SM-High/IL (■) mixtures at wIL = 0.48,
corresponding to (a) fx = 0.85 and fz = 0.30 for SM-Low/IL and (b) fx = 0.90 and fz = 0.21
for SM-Low/IL. Conductivities of PMMA/IL mixtures (♦) are shown for comparison.

The influence of IL content and block copolymer molecular weight on ionic
conductivity was also investigated. The temperature-dependent x-direction ionic
conductivities (in-plane, σx) are shown in Figure 4.12. The σx values of all diblock
copolymer/IL mixtures increase with temperature due to increased polymer segmental
motion, which is coupled with ion transport. Conductivities also increase with IL loading
due to the corresponding decrease in glass transition temperature and increase in
segmental motion of PMMA chains. The size of conductive microdomains in diblock
copolymer/IL

mixtures

simultaneously

increases

with

increasing

IL

content.

Interestingly, the conductivities of SM-High/IL mixtures are greater than those of SMLow/IL mixtures. Conductivities of diblock copolymer/IL mixtures are found to differ by
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less than a factor of 2 at wIL = 0.24 (barely visible on the log scale of Figure 4.12), by a
factor of 5 at wIL = 0.48, by a factor of 25 at wIL = 0.61, and by a factor of 4 at wIL = 0.69.
These differences in conductivity exist despite the two diblock copolymer/IL mixtures
having the same morphology type, ϕc, IL content, and similar extents of morphological
anisotropy. The conductivity differences are also not commensurate with the difference in
lamellar lattice parameters, which differ by a factor of 1.6 between the two molecular
weights. Similar trends are seen in the z-direction ionic conductivities (through-plane, σz),
shown in Appendix A, Figure A.4. Conductivities (σz) of SM-High/IL are greater than
SM-Low/IL by less than a factor of 2 at wIL = 0.24, by a factor of 4 at wIL = 0.48, and by
a factor of 66 at wIL = 0.61. At wIL = 0.69, the conductivities of SM-Low/IL are greater
than SM-High by less than a factor of 2 due to the highly anisotropic structure of lamellae
in SM-High-69. The σz values of PMMA/IL mixtures are greater than those of diblock
copolymer/IL mixtures by one to three orders of magnitude.
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Figure 4.12. Ionic conductivity (σx) as a function of inverse temperature for SM-Low/IL
(●) and SM-High/IL (■) mixtures at various compositions, wIL = (a) 0.24, (b) 0.48,
(c) 0.61, and (d) 0.69. Conductivities of PMMA/IL mixtures (♦) are shown for
comparison.
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4.3.6. Ionic Conductivities of SM/IL Mixtures Prepared by Slow Solvent Evaporation
Ionic conductivities of SM/IL mixtures prepared by slow solvent evaporation
(denoted by a subscript s) are compared to those prepared by rapid solvent evaporation
(denoted by a subscript r) in Figure 4.13. For wIL = 0.48, σx,s > σx,r > σz,s > σz,r. The
temperature-averaged conductivity ratios comparing slow and rapid solvent evaporation
samples are <σs/σr>x = 1.8 and <σs/σr>z = 1.9, where x and z denote the direction of
conductivity measurement. The average conductivity anisotropy, <σx/σz>, is comparable
for the slow and rapid solvent evaporation samples, and slightly higher for rapid solvent
evaporation: <σx/σz>s = 10.1 and <σx/σz>r = 10.6. For wIL = 0.69, σx,r > σz,r > σx,s > σz,s.
<σs/σr>x = <σs/σr>z = 0.5 and <σx/σz>s = 1.8 and <σx/σz>r = 1.7. The temperature
dependences are similar for slow and rapid solvent evaporation samples at both
compositions.
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Figure 4.13. Ionic conductivity (x, filled symbols, and z, open symbols) as a function of
inverse temperature for SM-Low/IL films prepared by rapid (r; black circles) and slow
(s; green diamonds) solvent evaporation.

4.4.

Discussion

4.4.1. Discussion of Diblock Copolymer versus Homopolymer Ion Conduction
Mechanism
To gain further insight into the ion transport mechanism of diblock
copolymer/ionic liquid and homopolymer/ionic liquid mixtures, the ionic conductivity
results were analyzed using the Sax-Ottino model.12 The Sax-Ottino model is based on
effective medium theory and treats a block copolymer as a composite of conducting and
non-conducting phases, where the lengthscale of inhomogeneity (in this case, the
lengthscale of microphase separation) is much less than the lengthscale of the bulk
material. This model can be used to directly compare the ionic conductivity of ioncontaining microdomains in a block copolymer with that of a homopolymer using the
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normalized conductivity (Eq. 4.2). The Sax-Ottino model does not predict the ionic
conductivity of block copolymers to be molecular weight-dependent when ϕc is held
constant. SM-Low/IL and SM-High/IL mixtures have the same ϕc at a given IL content,
and σc is assumed to be the experimentally measured conductivity of PMMA/IL at the
same IL content and temperature. Instead of using the assigned morphology factor for
isotropic lamellae, f = 2/3, for all materials, values for f are determined from SAXS data
(Figure 4.6).
The σn values as a function of temperature, composition, and molecular weight are
shown in Figure 4.14. These values were determined using experimental f values. σn = 1
when the experimental conductivity is equal to that predicted by the Sax-Ottino model. It
is evident that normalized conductivities for SM/IL mixtures fall below unity, except at
30 ºC for SM-High-48 and SM-High-61, which have σn,x = 1.1 and σn,z = 1.1,
respectively. For SM-High-24 and SM-High-69, and for SM-Low, at all compositions, σn
≤ 0.4. This indicates that the Sax-Ottino model overpredicts ionic conductivity values for
the majority of investigated materials and experimental conditions. Low values of
normalized conductivity (less than 0.04) were also observed by Kim et al. in sulfonated
styrene-methylbutylene diblock copolymers mixed with imidazolium-based ionic liquids,
where lower conductivities were attributed to high interfacial roughness between
microdomains and increased tortuosity of the conducting pathway.29 In styrene-ethylene
oxide diblock copolymers mixed with lithium salt, Panday et al. found the normalized
conductivity to be lower than 1 when the molecular weight of the conductive segment,
PEO, was below 50 kg/mol, and values even lower than 0.25 were observed when Mn,PEO

192

was less than 20 kg/mol.9 The normalized conductivity was also composition-dependent,
and σn = 1 was only observed for Li+-to-ether oxygen ratios of 0.085.
The σn values are higher for SM-High than SM-Low, both in the x-direction and
z-direction, except for wIL = 0.69, where σn,z is greater for SM-Low. This difference is
greater for the intermediate compositions, wIL = 0.48 and 0.61, as was seen in the ionic
conductivity plots in Figure 4.12. Both the low values of σn as well as the molecular
weight-dependence of σn are deviations from the predictions of the Sax-Ottino model for
block copolymer ionic conductivity. This suggests that additional factors, aside from the
volume fraction, shape, orientation, and inherent conductivity of the conductive
microdomain, must be accounted for to model the ionic conductivity of block copolymers
in this molecular weight regime.
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Figure 4.14. (a,c) Normalized x-conductivity and (b,d) normalized z-conductivity as a
function of temperature and composition for (a,b) SM-Low/IL mixtures (filled symbols)
and (c,d) SM-High/IL mixtures (open symbols). The σn values were determined using
experimental f values. The vertical scales vary to enhance readability of data.

The conductivities of the diblock copolymer/IL and homopolymer/IL mixtures
differ by orders of magnitude, despite the strong microphase separation and high degree
of long-range order observed in the block copolymer/IL films and the similarity in glass
transition temperatures between the two types of mixtures. This suggests that structural
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attributes in these block copolymer/IL mixtures greatly arrest ion transport compared to
the homopolymer. Chain stretching is expected to occur in block copolymers due to the
microphase separation of PS and PMMA chains. It was also shown from SCFT
calculations that there are pronounced composition fluctuations in PMMA/IL
microdomains on lengthscales smaller than the lamellar period. It has been proposed that
block copolymers exhibit dynamic heterogeneity due to the covalent bonding of segments
with distinct relaxation behaviors and Tgs. Specifically, segmental relaxation and ion
transport in the conductive microdomain may slow down near the interface between
conductive and non-conductive segments, the latter of which typically have higher Tgs. In
the present study, plasticized PMMA chains mixed with ionic liquid are bonded to nonplasticized PS, which maintains a Tg of ~100 ºC over the investigated composition range.
Ions near PS-PMMA interfaces may have reduced mobility due to reduced PMMA
segmental mobility, thereby reducing ionic conductivity. DSC suggests there may be
dynamic heterogeneity within the homopolymer PMMA/IL mixture due to the formation
of PMMA- and IL-rich regions, however, there is no influence of a third component that
maintains a higher Tg. The presence of PS segments which are covalently bonded to ionconducting PMMA segments leads to suppressed conductivity in diblock copolymer/IL
mixtures compared to homopolymer/IL mixtures. The composition gradient within the
conductive microdomain introduces another source of dynamic heterogeneity, with the
higher IL concentration in the center of the microdomain leading to greater plasticization
of PMMA chains and faster dynamics.

195

4.4.2. Molecular Weight Dependence of Diblock Copolymer/IL Ionic Conductivity
To uncover the origin of the molecular weight dependence of ionic conductivity
in these diblock copolymer/IL mixtures, the Sax-Ottino model for ionic conductivity in a
block copolymer is used as a framework. Each parameter in the model is considered in
order to determine differences between SM-Low/IL mixtures and SM-High/IL mixtures.
The morphology factor, f, is first considered. Upon inspecting fx and fz values (Figure
4.6), it is noted that, although f values for SM-High are not always greater than those for
SM-Low, σSM-High is always greater than σSM-Low, as seen for wIL = 0.61 and 0.69.
Differences in microdomain orientation thus cannot fully account for the molecular
weight dependence of ionic conductivity in these diblock copolymer/IL mixtures. Next,
differences in the inherent conductivity of the conductive microdomain, σc, are assessed.
Although σc values were not directly measured, ionic conductivity in these systems is
dictated by polymer segmental mobility and IL mobility, which are characterized by
Tg,PMMA/IL. Temperature-dependent ionic conductivities (σx) are plotted at a fixed wIL as a
function of Tg,PMMA/IL/T in Figure 4.15 to account for dynamic differences between SMLow and SM-High. The conductivity data for SM-Low and SM-High collapse at wIL =
0.24, but not for wIL = 0.48, 0.61 or 0.69. At wIL ≥ 0.48, as T approaches Tg,PMMA/IL,
differences in conductivity between SM-Low and SM-High also become more
pronounced. Similarly, when σz values are plotted at a fixed wIL as a function of
Tg,PMMA/IL/T, the block copolymer/IL mixtures data collapse at wIL = 0.24 and not at wIL ≥
0.48 (Appendix A, Figure A.5). This suggests that at low IL content, the higher
conductivity of SM-High is primarily due to its lower Tg,PMMA/IL, whereas at wIL ≥ 0.48,
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additional factors contribute to the molecular weight dependence of ionic conductivity.
Even when differences in σc are accounted for by normalizing the temperature by
Tg,PMMA/IL, the molecular weight dependence of the bulk conductivity cannot be
rationalized.
Finally, the volume fraction of the conductive microphase, ϕc, is considered. The
nominal ϕc values are the same for both molecular weights at the same wIL. However, this
does not account for heterogeneity in the IL distribution. SCFT calculations suggest that
at wIL ≥ 0.48, the IL distribution within PMMA microdomains is non-uniform and the
heterogeneity is greater for SM-Low/IL mixtures. This compositional variation is
consistent with the large Tg,PMMA/IL breadths observed by DSC for SM/IL mixtures,
indicative of dynamic heterogeneity in PMMA/IL microdomains, and the greater
Tg,PMMA/IL breadths seen for SM-Low/IL mixtures. The dynamic heterogeneity is such that
there are faster PMMA segmental dynamics in the center of the microdomain, where the
local IL concentration is highest, and slower segmental dynamics near the PS-PMMA
interface. SCFT calculations predict that SM-Low/IL mixtures have a higher maximum in
the IL concentration profile, which corresponds to a lower Tg,PMMA/IL. Based on this, a
higher inherent conductivity and higher overall ion conductivity is expected for SMLow/IL; however, a lower bulk conductivity is observed for SM-Low/IL mixtures
compared to SM-High/IL. This suggests that other factors are arresting ion transport in
SM-Low/IL mixtures.
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Figure 4.15. Ionic conductivity (σx) as a function of inverse temperature normalized by
Tg,PMMA/IL for SM-Low/IL (●), SM-High/IL (■), and PMMA/IL (♦) mixtures at various
compositions, wIL = (a) 0.24, (b) 0.48, (c) 0.61, and (d) 0.69.

Segmental relaxation and ion transport in conductive microdomains are expected
to be slower near interfaces between conductive and non-conductive, higher-Tg
microphases. In this study, conductivity is inhibited near PS-PMMA/IL interfaces, where
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PMMA and IL dynamics are slower due to the lower IL content and influence of
covalently bound PS blocks. SCFT calculations suggest that SM-Low has a lower IL
content at PS-PMMA/IL interfaces compared to SM-High. In addition, since the
molecular weight of SM-Low is roughly half that of SM-High, SM-Low contains
approximately twice the number of interfaces per volume as SM-High. We propose that
because SM-Low has a higher number density of interfaces that reduce segmental
mobility and hinder ion transport, SM-Low/IL mixtures have a lower bulk conductivity
than SM-High/IL mixtures, despite having the same morphology type, the same volume
fraction, and comparable extents of alignment. This is also reflected in the Tg data, where
the primary Tg,PMMA/IL values of SM-Low/IL mixtures are higher than the analogous Tgs
for SM-High/IL. By increasing the degree of polymerization of the conductive chain, the
fraction of low-mobility segments, or PMMA segments affected by PS-PMMA
interfaces, and fraction of ions in contact with those segments is reduced. The increase in
conductivity with increased molecular weight is thus associated with having a lower
number density of PS-PMMA interfaces that hinder PMMA segmental mobility and ion
transport. This phenomenon was proposed in previous studies of SEO diblock
copolymers mixed with salt8, 9, SEOS triblock copolymers mixed with salt11, and SEO
diblock copolymers mixed with ionic liquid.6 This interpretation of the results highlights
the need for predictive models for ion transport in block copolymers that account for the
influence of interfaces between chemically distinct polymer blocks. Although their role is
non-negligible, current models do not include the effects of such interfaces, which are
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absent from ion-containing homopolymer systems and the influence of which vary with
molecular weight.

4.4.3. Effect of Solvent Evaporation Rate
The increased anisotropic ordering of lamellae with normals along z for samples
prepared by slow rather than fast solvent evaporation is believed to reduce tortuosity of
the ion transport path along x and remove defects and grain boundaries. This provides an
explanation for the increase in σx by a factor of 2 at wIL = 0.48. This increased anisotropy
was expected to yield a corresponding decrease in σz, due to increased orientation of PS
lamellae normal z, so it is surprising that <σs/σr>z ~ 2 and conductivity anisotropies for
the two sample preparation methods are comparable.
The decrease in conductivity for SM-Low-69 prepared by slow solvent
evaporation suggests that removal of grain boundaries is not beneficial for ion transport
at this composition. The increase in grain size is not found to result in an improvement in
ion conductivity. This suggests that grain boundaries contribute to more efficient ion
transport at this composition and molecular weight, possibly allowing ions to diffuse
more rapidly through a greater hop frequency. The similar temperature dependences of
conductivity curves for SM-Low-69 samples prepared by slow and rapid solvent
evaporation suggest that the activation energies for ion hopping are similar for both
samples. Segregation of IL in or near grain boundaries and the resulting composition
gradient near grain boundaries might also cause an enhancement in ion diffusion in the
sample prepared by rapid solvent evaporation.
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4.5.

Conclusions
The structure-property relationships of poly(styrene-b-methyl methacrylate)

diblock copolymer/ionic liquid mixtures with various compositions and two molecular
weights were studied. Both molecular weights exhibit strongly microphase separated
lamellar morphologies with long-range order and preferential orientation of lamellae in
the plane of the film. Morphology factors describing the extent of anisotropy were
determined from X-ray scattering data. At the same composition, volume fraction, and
morphology type, the higher molecular weight diblock copolymer/ionic liquid mixture
exhibits higher ionic conductivities, greater by a factor of less than 2 at wIL = 0.24 to a
factor of 66 at wIL = 0.48 (z-conductivity). Using self-consistent field theory, it was found
that both molecular weights exhibit non-uniform compositions in PMMA/IL
microdomains. The lower molecular weight diblock copolymer displays greater
compositional heterogeneity within PMMA microdomains and a lower IL content at PSPMMA interfaces. Interfaces between PS and PMMA blocks are identified as detrimental
to ion transport due to reduced mobility of ions and PMMA segments near the interface.
The reduction in conductivity with decreasing molecular weight is attributed to the
increased number density of conductivity-suppressing interfaces as molecular weight is
reduced.
When compared to the analogous homopolymer PMMA/IL mixture at the same
composition, the block copolymer/ionic liquid mixtures exhibit ionic conductivities over
an order of magnitude lower. The Sax-Ottino model is found to overpredict ion
conductivity for SM/IL mixtures in the investigated molecular weight and composition
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range, which have average normalized conductivities ranging from 0.02 to 0.53. The
model assumes that the inherent conductivity of ion-containing microdomains can be
approximated by the conductivity of a bulk analogue homopolymer system and does not
account for dynamic heterogeneity caused by reduced segmental mobility near
microdomain interfaces, compositional heterogeneity in the microdomain, and grain
boundaries.
Diblock copolymer/ionic liquid mixtures (SM-Low/IL) prepared by slow solvent
evaporation are observed to have highly anisotropic lamellar morphologies, with
increased alignment of lamellar in the plane of the film compared to samples prepared by
rapid solvent evaporation. Ionic conductivity is along x increased by a factor of 2 for wIL
= 0.48 when films are prepared by slow solvent evaporation compared to those prepared
by rapid solvent evaporation. This is attributed to the removal of grain boundaries and
decrease in tortuosity of the ion transport path. In contrast, at wIL = 0.69 ion conductivity
is greater for the rapid solvent evaporation sample by a factor of 2 compared to the slow
solvent evaporation sample. This may be due to ion diffusion enhancement near or
through grain boundaries at this composition and molecular weight.
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Chapter 5
Effect of Water Uptake and Monomeric Sequence on
Morphology and Anion Conductivity of Hydrophilic-Hydrophobic
Polymerized Ionic Liquid Copolymers

This work was done in collaboration with Dr. Yuesheng Ye, Eric M. Davis, Kelly Meek,
and Professor Yossef A. Elabd from Drexel University. The content of this chapter was
adapted from previously published work in ACS Macro Letters.1 Adapted with
permission. Copyright 2013 American Chemical Society.

5.1.

Introduction
Solid-state alkaline fuel cells (AFCs), utilizing anion exchange membranes

(AEMs) as electrolytes rather than caustic alkaline liquid electrolytes, have recently
attracted significant attention due to their potential to produce high power densities with
long lifetimes at a lower cost (platinum-free) compared to traditional proton exchange
membrane (PEM) fuel cells.2-6 However, the chemical stability of ammonium-based
AEMs (most commonly reported AEM chemistry) in dry and alkaline conditions is a
major limiting factor for the development of long-lasting solid-state AFCs.2, 7, 8 A broader
variety of AEM chemistries have recently been reported to address this issue.9-12 In 2011,
a study by Ye and Elabd13 showed enhanced chemical stability over a wide range of
humidities and temperatures for a hydroxide (OH–)-exchanged imidazolium-based
polymerized ionic liquid (PIL). This was attributed to the delocalization of the
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imidazolium cation charge through the conjugated structure,14 the relatively stable Nheterocyclic carbene structure under dry conditions,15 and the imidazolium-carbene
reversibility under wet-dry cycling.14 The enhanced chemical stability of the imidazolium
cation has attracted interest in the development of imidazolium-based AEMs, and a
number of recent investigations report on the synthesis and characterization of hydroxideconducting imidazolium-based PIL random copolymers.16-20 However, there are few
reports of hydroxide-conducting imidazolium-based PIL block copolymers.21
In contrast, proton-conducting block copolymers have been extensively
investigated, where a number of studies have shown enhanced conductivity in block
copolymers compared to their random copolymer analogs due to their well-defined
nanostructured morphologies.22-27 Indeed, several hydroxide-conducting ammoniumbased block copolymers have recently been reported in the literature.28-32 However, there
is limited information regarding their morphologies and more importantly their ion
transport-morphology relationships. More in-depth investigations that can provide a
fundamental understanding of hydroxide transport in chemically stable hydroxideconducting block copolymers would be of significant interest.
In this chapter, high hydroxide conductivity and bromide conductivity of
chemically stable imidazolium-based PIL diblock copolymers are reported. The
hydroxide-exchanged PIL diblock copolymer, poly(MMA-b-MEBIm-OH), comprising
an ionic liquid (IL) component (1-[(2-methacryloyloxy)ethyl]-3-butylimidazolium
hydroxide, MEBIm-OH) and a non-ionic component (methyl methacrylate, MMA), was
synthesized via anion exchange metathesis from its precursor bromide (Br–)-exchanged
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PIL diblock copolymer, poly(MMA-b-MEBIm-Br). For comparison, a random
copolymer analog, at the same IL composition or ion exchange capacity (IEC), and the
PIL homopolymer analog were synthesized (Figure 5.1). The physical properties of these
PIL polymers are listed in Table 5.1 and a detailed description of the synthesis of the
precursor polymers have been described elsewhere.13,

33

The block copolymer

conductivity, measured by electrochemical impedance spectroscopy (EIS), is over an
order of magnitude higher than its PIL random copolymer analog at the same ion and
water content. More surprisingly, the conductivity is higher than its PIL homopolymer
analog, where the homopolymer has a higher ion and water content than the block
copolymer. These trends are observed for both hydroxide- and bromide-containing PIL
diblock copolymers. The morphologies of these polymers were characterized with in situ
small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM) to
provide a deeper understanding of anion transport in nanostructured polymers.
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poly(MMA-b-MEBIm-X-17.3)

poly(MMA-r-MEBIm-X-17.3)

poly(MEBIm-X)

17.3 mol% MEBIm-X, 1.4 meq/g

17.3 mol% MEBIm-X, 1.4 meq/g

100 mol% MEBIm-X, 4.2 meq/g

Figure 5.1. Polymer chain architecture (blue and red correspond to MMA and MEBImX, respectively), chemical structure, and ion exchange capacity (IEC) of (a) PIL block
copolymer: poly(MMA-b-MEBIm-X-17.3), (b) PIL random copolymer: (poly(MMA-rMEBIm-X-17.3), and (c) PIL homopolymer: poly(MEBIm-X). X corresponds to the
counter anion, which is either bromide (Br–) or hydroxide (OH–). The block and random
copolymers have 17.3 mol% of the IL component (MEBIm-X), which corresponds to an
IEC of 1.4 meq Im+ g-1 polymer. The homopolymer has 100 mol% MEBIm-X
corresponding to 4.2 meq g-1.
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Table 5.1. Bromide- and Hydroxide-Conducting PIL Block and Random Copolymers
and Homopolymer Samples.
PIL Block Copolymersa

mol %

wt %

vol %b

Mn (kg mol-1)

Mn (kg mol-1)

c

PDI
1.26 d

Poly(MMA-b-MEBIm-Br-17.3)

17.3

40.0

39.1

13.1 + 8.68

Poly(MMA-b-MEBIm-OH-17.3)

17.3

34.7

36.8

13.1 + 6.96 e

18.25 e

1.26

mol %

wt %

vol %b

Mn (kg mol-1)

Mn (kg mol-1)

PDI

Poly(MMA-r-MEBIm-Br-17.3)

17.3

40.0

39.1

-

23.17 d

2.10 d

Poly(MMA-r-MEBIm-OH-17.3)

17.3

34.7

36.8

-

22.38 e

2.10

PIL Homopolymer

mol %

wt %

vol %b

Mn (kg mol-1)

Mn (kg mol-1)

PDI

Poly(MEBIm-Br)

100

100

100

-

13.59 d

2.20 d

Poly(MEBIm-OH)

100

100

100

-

10.90 e

2.20

PIL Random Copolymersa

a

18.90

d

b = block copolymer, r = random copolymer, OH– = hydroxide counterion, Br– =

bromide counterion, number denotes PIL composition in mol % determined from 1H
NMR spectroscopy; b Volume fractions were calculated from density of PMMA (1.18 g
cm-3) and PIL homopolymers (ρpoly(MEBIm-Br) = 1.22 g cm-3 and ρpoly(MEBIm-OH) = 1.08 g cm3

, see calculation in Supporting Information Section S3);

c

Calculated from 1H NMR

spectra; d Determined by SEC; e Calculated from precursor PIL polymers.

5.2.

Experimental Methods

5.2.1. Materials
Potassium hydroxide (KOH, ≥ 90%, reagent grade), acetonitrile (anhydrous,
99.8%) and dimethyl sulfoxide-d6 (DMSO-d6, 99.9 atom% D, contains 0.03% v/v TMS)
were used as received from Sigma-Aldrich. Ultrapure deionized (DI) water with
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resistivity ca. 16 MΩ cm was used as appropriate. The hydroxide-exchanged polymerized
ionic liquid (PIL) block copolymer, poly(MMA-b-MEBIm-OH-17.3), was synthesized
via anion exchange of its precursor bromide-exchanged PIL block copolymer,
poly(MMA-b-MEBIm-Br-17.3). The materials and synthesis of the precursor bromideexchanged PIL block copolymer have been documented elsewhere.33

5.2.2. Film Preparation
The precursor block copolymer was first dissolved in anhydrous acetonitrile (10%
w/w) and cast onto Teflon substrates (ca. 35 mm (L) × 4 mm (W) × 0.525 mm (T)) under
ambient conditions for ca. 2 days. The polymer films were subsequently annealed under
vacuum at 150 °C for 3 days. The procedure for the anion exchange reaction is given as
follows. The annealed film was placed in a freshly prepared 0.2 M KOH aqueous solution
and purged with nitrogen for 2 h. The KOH solution was replaced with a new freshly
prepared solution every 2 h and this was repeated 3 times. The hydroxide-exchanged PIL
block copolymer film was then removed from the KOH solution and washed extensively
with nitrogen-saturated deionized (DI) water for 4 h and this was repeated with a fresh
batch of DI water 4 times. The film was then dried under vacuum at room temperature for
1 day and then stored under vacuum in a desiccator. After this procedure, the amount of
water in the sample was negligible as quantified by dynamic vapor sorption experiments
described in a later section. The amount of residual bromide anion in the hydroxideexchanged PIL block copolymer was determined by elemental analysis (EA) (Atlantic
Microlab, Inc., Norcross, GA), where no residual bromide was detected. EA, Anal.
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Calcd: C, 60.46; H, 8.30; N, 3.82; Br, 0.00. Found: C, 56.95; H, 8.04; N, 2.83; Br, 0.00.
The preparation of the hydroxide-exchanged PIL random copolymer, poly(MMA-rMEBIm-OH-17.3), was produced using the same procedure, i.e., anion exchange of the
precursor bromide-exchanged PIL random copolymer, poly(MMA-r-MEBIm-Br-17.3),
where the synthesis of this precursor random copolymer has been documented
elswhere.33 EA, Anal. Calcd: C, 60.46; H, 8.30; N, 3.82; Br, 0.00. Found: C, 57.37; H,
7.92; N, 2.81; Br, 0.00. The synthesis of the hydroxide-exchanged PIL homopolymer has
been reported elsewhere.13
Ion exchange capacity (IEC) [meq g-1] was quantified as the moles of
imidazolium cations per gram of polymer.

IEC 

(

xIL  1000
MWCP *

)

MWCP * = 1-xIL MWMMA + xIL MWMEBIm

(5.1)

(5.2)

xIL is the IL composition (mole fraction) and MWCP* is the molecular weight of the repeat
unit of the copolymer (without counter anions). MWMMA (100.12 g mol-1) and MWMEBIm
(237.33 g mol-1) are the molecular weights of MMA and MEBIm (or IL without counter
anion), respectively. The counter anion was not considered in this calculation because
IEC of the polymer is independent of the counter ion.

5.2.3. Electrochemical Impedance Spectroscopy
The ionic conductivities of the polymer films were measured with electrochemical
impedance spectroscopy (EIS; Solartron, 1260 impedance analyzer, 1287 electrochemical
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interface, Zplot software) over a frequency range of 1 Hz to 107 Hz at 200 mV.
Conductivities were collected under humidified conditions, where temperature and
relative humidity were controlled by an environmental chamber (Tenney, BTRS model).
The in-plane conductivities of the PIL films were measured in a cell with four-parallel
electrodes, where an alternating current was applied to the outer electrodes and the real
impedance or resistance, R, was measured between the two inner reference electrodes.
The resistance was determined from a high x-intercept of the semi-circle regression of the
Nyquist plot. Conductivity was calculated by using the following equation: σ = L/AR,
where L and A are the distance between two inner electrodes and the cross sectional area
of the polymer film (A = Wl; W is the film width and l is the film thickness), respectively.
Samples were allowed to equilibrate for 2 h at each temperature and humidity followed
by 6 measurements at the equilibrium condition. The values reported are an average of
these steady-state measurements. An average error of < 5% was observed among
repeated experiments.
Note that an issue to consider regarding the measurement of the hydroxide (OH–)
conductivity is the possible conversion of OH– to bicarbonate ions (HCO3–) and/or
carbonate ions (CO32–) in the presence of trace amount of carbon dioxide (CO2) in air.
However, there is no agreement on the kinetics of conversion of AEMs from OH– form to
CO32– and/or HCO3– forms and the effect of CO2 on the cell performance. For example, it
was reported that the time scale for the conversion of a commercially available
ammonium-based AEM from OH– to HCO3– form was 30 min,34 while it took 4 days for
an ammonium-based poly(ester sulfone).35 The variation in reaction kinetics may be
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dependent on the chemistry of the polymer, covalently attached cation, as well as contact
environment (e.g., liquid water, water vapor, etc.). Our previous work on imidazoliumbased PIL homopolymers showed a significant difference in conductivity among OH–,
HCO3–, and CO32– forms of the polymer with experimental times of ca. 18 h for each
sample. This suggests that imidazolium-based PIL polymers may have a good tolerance
to the deleterious effect of CO2. However, a significant amount of work remains to
investigate the effect of CO2 on imidazolium-based AEMs and other AEMs under
different conditions.

5.2.4. Dynamic Vapor Sorption
Water uptake or content was measured with dynamic vapor sorption (DVS, TA
Instruments Q5000). A dry film sample was first loaded into the DVS and preconditioned
at 0% RH and 30 °C for 2 h. Only a small weight loss (< 0.5%) was observed during this
2 h period and the loss in mass did not change well before the end of this 2 h time period.
The relative humidity was then systematically changed to a constant value at a fixed
temperature or the temperature was systematically changed to a constant value at a fixed
humidity and the film was allowed to equilibrate at that condition for 2 h (the same
equilibration time as the conductivity measurements). The polymer water content
(uptake) [wt%; g H2O/g dry polymer] was calculated as follows:

WH2O 

W  W0
 100
W0

(5.3)
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WH2O   MWCP   1 
 

 100   MWH2O   xIL 



(

)

MWCP = 1-xIL MWMMA + xIL MWIL

(5.4)

(5.5)

MWCP is the molecular weight of the repeat unit of the copolymer (with counter anions)
and MWH2O and MWIL are the molecular weights of water (18.02 g mol-1) and IL
monomeric unit (with counteranion; 317.23 g mol-1 for MEBIm-Br and 254.34 g mol-1
for MEBIm-OH), respectively.

5.2.5. Small-Angle X-ray Scattering
Small-angle X-ray scattering (SAXS) was performed on a multi-angle X-ray
scattering system that generates Cu-Kα X-rays,  = 0.154 nm, from a Nonius FR 591
rotating anode operated at 40 kV and 85 mA. The bright, highly collimated beam was
obtained via Osmic Max-Flux optics and pinhole collimation in an integral vacuum
system. The scattering data were collected using a Bruker Hi-Star two-dimensional
detector with a sample-to-detector distance of 150 cm. Room-temperature data were
collected along the through-plane direction for 1 h. Data were analyzed using
Datasqueeze software.36 The intensities were first corrected for primary beam intensity,
and then background scattering was subtracted. The isotropic 2-D scattering patterns
were then azimuthally integrated to yield 1-D intensity versus scattering angle (q)
profiles. The intensities were reported in arbitrary units (a.u.). Morphologies were
classified by taking the ratio of the positions of higher order X-ray scattering correlation
peaks to the primary peak position, q*, and comparing to known peak position ratios.37
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The humidity- and temperature-dependent morphologies of poly(MMA-bMEBIm-Br-17.3) and poly(MMA-b-MEBIm-OH-17.3) were characterized by in situ Xray scattering using a custom designed environmental chamber.38 Relative humidity (RH)
is varied by regulating the flow of compressed air-water vapor mixture into the chamber
and the sample temperature is controlled by flowing heated or cooled water through the
chamber walls, as well as varying the temperature of the water vapor. This is operated by
a LabView® program, which employs a proportional-integral-derivative feedback control
loop to minimize the error between actual and desired relative humidity and temperature
during X-ray scattering data collection. The environmental chamber is able to access a
temperature range of 25-90 °C with a precision of 0.05-0.5 °C and humidity range of 095% RH with a precision of 1.5% RH at 30 °C and 3% RH at 80 ºC. For the humidity
study, each sample was held at 30 ºC and the percent relative humidity was adjusted to
30, 60, 90, and 30% (reverse) RH. For the temperature study, a separate sample was held
at 90% RH and the temperature was set to 50 °C and 80 °C. Samples were equilibrated
for at least 2 h at each condition before collecting X-ray scattering data (same
equilibration time as the conductivity and water content experiments).

5.2.6. Transmission Electron Microscopy
Morphology was imaged using a JEOL 2010 TEM operated at 200 keV, with
images recorded using a CCD camera. PIL block copolymer samples were sectioned at
room temperature to a nominal thickness of 40–60 nm using a Reichert-Jung
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ultramicrotome with a diamond knife. Samples were supported by copper grids coated
with lacey carbon film, supplied by Electron Microscopy Sciences.

5.3.

Results and Discussion

5.3.1. Ionic Conductivity and Water Content of Bromide-Containing Polymers
The bromide ion conductivity of the block and random copolymers at the same IL
(MEBIm-Br) composition (17.3 mol%) or IEC (1.4 meq g-1) and the subsequent block
copolymer morphology over a range of humidities and temperatures are presented first
(Figure 5.2). Figure 5.2a shows the bromide conductivity at 30 °C as a function of
relative humidity (RH) from 30 to 90% RH for the block and random copolymers (both
1.4 meq g-1) and the PIL homopolymer (4.2 meq g-1). As expected, the bromide
conductivity increases over 3 orders of magnitude with increasing RH for all polymers.
This can be attributed to a water-assisted transport mechanism, where an increase in
polymer water content (3 to 34 wt%) and corresponding hydration number ( = 1 to 8
mol water/mol Im+) (Figure 5.3) were observed over this humidity range for all polymers.
This transport mechanism is similar to water-Nafion systems,39 where proton transport is
dictated by a water-assisted process, but differs from lithium salt-poly(ethylene oxide)
systems,40 where lithium ion transport in an anhydrous polymer is dictated by the
segmental dynamics of the polymer chains.
Interestingly, the bromide conductivities of the block copolymer are 1 to 2 orders
of magnitude higher than the random copolymer with this difference decreasing with
increasing humidity. It is important to note that the water content in the block and random
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copolymer are identical at each relative humidity (Figure 5.3). Therefore, both the IEC
and water content are similar in these copolymers, but the bromide conductivity is
significantly different, where the only difference between the block and random
copolymers is the polymer chain architecture (see Figure 5.1), which results in
differences in morphology. Surprisingly, the bromide conductivity of the block
copolymer is higher than the homopolymer at 90% RH and 30 °C: 1.12 versus 0.87 mS
cm-1, respectively, while the IEC and water contents are higher in the homopolymer: 1.4
versus 4.2 meq g-1 and 18 versus 34 wt% for the block copolymer and homopolymer,
respectively (Figure 5.3).
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Figure 5.2. Bromide conductivity as a function of (a) humidity at 30 °C and (b)
temperature at 90% RH for the PIL block copolymer, poly(MMA-b-MEBIm-Br-17.3)
(blue circles); random copolymer, poly(MMA-r-MEBIm-Br-17.3) (red diamonds); and
homopolymer, poly(MEBIm-Br) (black triangles).

Figure 5.2b shows bromide conductivity at 90% RH as a function of temperature
from 30 to 80 °C for all polymers. The block copolymer bromide conductivity increases
from 1.12 to 5.67 mS cm-1 with increasing temperature. This is higher than both the
random copolymer and homopolymer at all temperatures. Note that the IEC and water
content of the block and random copolymers are also identical over this temperature
range, while the IEC and water content in the homopolymer are higher than the block
copolymer (Figure 5.3). The bromide conductivity in all polymers follows an Arrhenius
behavior with temperature at high humidity with activation energies of 29, 31, and 25 kJ
mol-1 for the block copolymer, random copolymer, and homopolymer, respectively.
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Figure 5.3. (a, c) Water content and (b, d) hydration number as a function of humidity at
30 °C (a, b) and as a function of temperature at 90% RH (c, d) for the bromideconducting PIL block copolymer, poly(MMA-b-MEBIm-Br-17.3) (blue circles); random
copolymer,

poly(MMA-r-MEBIm-Br-17.3)

(red

diamonds);

and

homopolymer,

poly(MEBIm-Br) (black triangles).
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5.3.2. Morphology of Bromide-Containing Polymers
To provide deeper insight into these unusual ion conductivity results, the
morphologies of the bromide-containing block and random copolymers were examined
by in situ small-angle X-ray scattering (SAXS) at humidified conditions in an
environmental chamber38 and with transmission electron microscopy (TEM). Figure 5.4
shows SAXS profiles of the block copolymer at various humidities and temperatures. At
30 °C, in both dry and low relative humidity (30% RH) conditions, there are four welldefined scattering peaks with positions q* (primary peak), 2q*, 3q*, and 4q*, indicative
of strongly microphase-separated lamellar morphology with long-range order. The TEM
image of the block copolymer under dry conditions (Figure 5.4c) confirms this
morphology assignment. As humidity increases to 60% RH, the second and fourth
correlation peaks in the SAXS profiles decrease in intensity and are no longer visible at
90% RH. The absence of the expected peaks at 2q* and 4q* at 90% RH is consistent with
having approximately equal volume fractions of the dry MMA and hydrated IL
microphases (see Supporting Information) and minima in the scattering form factor at
2q* and 4q*. With regard to the scattering as a function of temperature at 90% RH, the
change is negligible (Figure 5.4b). It should also be noted that the changes in scattering
as a function of humidity and temperature are reversible (Figure 5.4d). This study
indicates that under different humidified conditions the lamellar morphology persists.
Figure 5.5 shows the SAXS data for the random copolymer. As expected, the SAXS
profile for the random copolymer is featureless, indicating no microphase separation.
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Figure 5.4. SAXS profiles of the PIL block copolymer poly(MMA-b-MEBIm-Br-17.3)
as a function of (a) humidity at 30 °C and (b) temperature at 90% RH. The lamellae
period, alam, ranged from 27.8 to 29.9 nm and the IL microdomain thickness, lIL, ranged
from 11.1 to 14.9 nm over all temperature and humidity conditions. SAXS data were
collected in an environmental chamber and data are offset vertically for clarity. (c)
Transmission electron microscopy image of PIL block copolymer at room temperature
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under vacuum. Sample unstained; dark regions correspond to IL (MEBIm-Br)
microdomains. (d) SAXS profiles of the bromide-conducting PIL block copolymer
(poly(MMA-b-MEBIm-Br-17.3) at 30% RH and 30 °C. Blue circles correspond to no
prior exposure to humidity, while green circles correspond to previous exposure to high
humidity, i.e., humidity-induced morphological changes are reversible.

Figure 5.5. SAXS profiles of the bromide (poly(MMA-r-MEBIm-Br-17.3) versus the
hydroxide (poly(MMA-r-MEBIm-OH-17.3) conducting PIL random copolymers at 0%
RH and 30 ºC. Data are offset vertically for clarity. These data indicate a homogeneous
(not microphase separated) morphology in the random copolymers.

5.3.3. Ionic Conductivity and Water Content of Hydroxide-Containing Polymers
Figure 5.6 shows the hydroxide ion conductivity of the block and random
copolymer at the same IL composition and the subsequent block copolymer morphology
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over a range of humidities and temperatures. The hydroxide conductivity trends (Figure
5.6) are similar to the bromide conductivity data (Figure 5.2) with the primary difference
in the overall higher magnitude in ion conductivity. For example, the hydroxide and
bromide conductivity in the block copolymer at 90% RH and 30 °C are 7.91 and 1.12 mS
cm-1, respectively, which corresponds to ca. 7-fold difference. Sudre et al.21 recently
reported ca. 10-fold difference between hydroxide and chloride conductivity in a block
copolymer. A similar 7-fold difference in conductivity is apparent in the homopolymer,
while the conductivity difference in the random copolymer is ca. 3-fold. Interestingly, the
difference in the infinite dilution (in aqueous solution at 25 °C) conductivity or
diffusivity between hydroxide and bromide is ca. 2.5-fold (OH– = 0.0198 m2 S mol-1,
5.273  10-5 cm2 s-1; Br– = 0.00781 m2 S mol-1, 2.080  10-5 cm2 s-1).41 In addition to the
infrared results, these results further suggest differences in the ion transport mechanisms
in the block copolymer compared to the random copolymer.
Similar to the bromide conductivity results, the hydroxide conductivities of the
block copolymer are an order of magnitude (range of 33- to 5-fold) higher than the
random copolymer at all humidities and temperatures (Figure 5.6b and c). Similarly, the
water content in the hydroxide-conducting block and random copolymer are identical at
each humidity and temperature studied (Figure 5.7). Again, the IEC, water content, and
chemical structure are similar in both block and random copolymer with the only
difference being the sequential order of the monomer units in the polymer chain (i.e.,
chain architecture). While this difference in ion conductivity between block and random
copolymers has been observed before in the literature in regards to water-assisted proton
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transport,22 we report this result for hydroxide conductivity for the first time to our
knowledge.

Figure 5.6. Hydroxide conductivity as a function of (a) humidity at 30 °C and (b)
temperature at 90% RH for the PIL block copolymer, poly(MMA-b-MEBIm-OH-17.3)
(blue circles); random copolymer, poly(MMA-r-MEBIm-OH-17.3) (red diamonds); and
homopolymer, poly(MEBIm-OH) (black triangles).
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Figure 5.7. (a, c) Water content and (b, d) hydration number as a function of humidity at
30 °C (a, b) and as a function of temperature at 90% RH (c, d), respectively, for the
hydroxide-conducting PIL block copolymer, poly(MMA-b-MEBIm-OH-17.3) (blue
circles); random copolymer, poly(MMA-r-MEBIm-OH-17.3) (red diamonds); and
homopolymer, poly(MEBIm-OH) (black triangles).
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The more surprising result is that the hydroxide conductivity of the block
copolymer is higher (~50%) than the homopolymer at 90% RH at all temperatures
studied: 7.91 versus 5.48 mS cm-1 (at 30 °C, 90% RH) and 25.46 versus 15.29 mS cm-1
(at 80 °C, 90% RH), respectively. Again, note that the IEC and water contents of these
two polymers are significantly different: 1.4 versus 4.2 meq g-1 and 19 versus 61 wt% (at
30 °C, 90% RH) for the block copolymer and homopolymer, respectively (Figure 5.7).
However, their normalized water contents (i.e., hydration numbers) are relatively similar
ca. 8 mol water/mol Im+ at all humidities and temperatures studied. Therefore, this result
is unusual and suggests that other factors may result in higher transport in the block
copolymer compared to the homopolymer, i.e., ion-water confinement in nanochannels
that may accelerate transport. To the authors’ knowledge, this result of water-assisted ion
transport higher in a block copolymer compared to its homopolymer analog has not been
previously reported. This result compares to a recent report demonstrating enhanced ionic
liquid-assisted proton conductivity in a block copolymer compared to its homopolymer
analog in anhydrous conditions.42
Higher hydroxide conductivities in other anion exchange membranes have been
reported,4 but these are usually at higher IECs or much higher water contents. The
hydroxide conductivity in this PIL block copolymer is quite high for such low water
contents (ca. 8 mol water/mol Im+). It is also interesting to compare the absolute
magnitude of hydroxide conductivity in these block copolymers to proton conductivity in
Nafion (the most widely cited proton-conducting polymer)39: 7.91 versus 78.5 mS cm-1 43
(at 30 °C, 90% RH) and 25.46 versus 144.00 mS cm-1

43

(at 80 °C, 90% RH),
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respectively. The infinite dilution (in aqueous solution at 25 °C) conductivity or
diffusivity of hydroxide is ca. 57% of that of protons (OH– = 0.0198 m2 S mol-1, 5.273 
10-5 cm2 s-1; H+ = 0.034965 m2 S mol-1, 9.311  10-5 cm2 s-1)41, while the hydroxide
conductivity at 30 and 80 °C for the PIL block copolymer in this study is 10 and 20%,
respectively, of that of proton conductivity in Nafion. Similar to proton conductivity in
Nafion, the hydroxide conductivity in these PIL polymers follows an Arrhenius behavior
with temperature at high humidity (Figure 5.6c) with activation energies of 20, 25, and 18
kJ mol-1 for the block copolymer, random copolymer, and homopolymer, respectively.
These activation energies are lower than that of bromide conductivity in these PIL
polymers, but higher than that of proton conductivity in Nafion (~11 kJ mol-1).43

5.3.4. Morphology of Hydroxide-Containing Polymers
Morphologies in the hydroxide-exchanged PIL polymers were also investigated.
SAXS profiles as a function of humidity and temperature for the hydroxide-conducting
block copolymer are shown in Figure 5.8. Similar to the bromide-conducting random
copolymer, the SAXS profile of the hydroxide-conducting random copolymer was
featureless, indicating no microphase separation (Figure 5.5). Figure 5.8a compares the
SAXS profiles of the hydroxide- and bromide-conducting block copolymers at a dry
condition. Unlike the bromide-conducting block copolymer, where four well-defined
scattering peaks were observed in the SAXS profile, the hydroxide-conducting block
copolymer shows two broader scattering peaks at positions of q* (primary peak) and 2q*,
suggesting a weaker microphase separation. This is also observed at 30% RH (30 °C), but
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as humidity increases to 60% RH, only the primary peak is observed (Figure 5.8b). At
90% RH, the SAXS profiles are featureless for all investigated temperatures (Figure
5.8c). This morphology transformation is reversible (Figure 5.8d).
One possible reason for the absence of these features in the SAXS profile in the
block copolymer at high humidity is low electron density contrast between the MMA and
hydrated IL microdomains. Further evidence for a loss of scattering contrast is the
absence a correlation peak at high humidity, because block copolymers with sufficient
contrast exhibit a correlation peak even in the disordered state. These results suggest that
the nanoscale morphology in the hydroxide-conducting block copolymer persists at
higher humidities similar to the bromide-conducting block copolymer (although not
evidenced in the SAXS data) providing a rationale for the high hydroxide conductivities
in comparison to the random copolymer.
Note that the hydroxide form in the PIL block copolymer was obtained via anion
exchange with the bromide form in an alkaline solution. Therefore the Br– ions are
displaced by smaller OH– ions in the solid-state film. Additionally, unlike the bromideconducting block copolymer film, the hydroxide-conducting PIL block copolymer film
was not annealed at a high temperature after ion exchange to circumvent any possible
chemical degradation of the polymer.13 These factors may contribute to a more poorly
defined morphology compared to the bromide-conducting block copolymer. However,
despite the difference in morphology, both PIL block copolymers exhibited superior ionic
conductivities, particularly over their random copolymer and homopolymer analogs.
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Figure 5.8. (a) SAXS profiles of the bromide- versus the hydroxide-conducting PIL
block copolymers (poly(MMA-b-MEBIm-Br-17.3 versus poly(MMA-b-MEBIm-OH17.3) at 0% RH and 30 °C. SAXS profiles of hydroxide-conducting block copolymer as a
function of (b) humidity at 30 °C and (c) temperature at 90% RH. The lamellae period,
alam, ranged from 24.1 to 25.1 nm and the IL microdomain thickness, lIL, ranged from 9.3
to 10.4 nm over all temperature and humidity conditions. SAXS data were collected in an
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environmental chamber and data are offset vertically for clarity. (d) SAXS profiles of the
hydroxide-conducting block copolymer (poly(MMA-b-MEBIm-OH-17.3) at 30% RH
and 30 °C. Blue circles correspond to no prior exposure to humidity, while green circles
correspond to previous exposure to high humidity, i.e., humidity-induced morphological
changes are reversible.

5.4.

Conclusions
The anion conductivities of microphase-separated PIL block copolymers are over

an order of magnitude higher than their random copolymer analogs at the same IEC and
water content. More surprisingly, higher conductivity in the PIL block copolymers (with
just 37-39 vol% PIL) was observed compared to their PIL homopolymer analogs, where
the homopolymers have a significantly higher IEC and water content. The PIL block
copolymers exhibit nanoscale morphology, while the PIL random copolymers exhibit no
microphase separation. This nanoscale morphology may contribute to significantly
different transport mechanisms, i.e., ion-water confinement in nanochannels that
accelerate transport. These results should have a significant impact on low-cost
(platinum-free) long-lasting solid-state alkaline fuel cells.
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Chapter 6
Effect of Composition on Water Uptake, Morphology, and
Anion Conductivity of Polymerized Ionic Liquid Block Copolymers

This work was done in collaboration with Kelly Meek and Professor Yossef A. Elabd of
Texas A&M University and Dr. Yuesheng Ye of Drexel University. The content of this
chapter was previously published in Macromolecules.1 Adapted with permission.
Copyright 2015 American Chemical Society.

6.1.

Introduction
Polymerized ionic liquid (PIL) block copolymers are a relatively new class of

polymer electrolytes, where the cation of the ionic liquid is covalently attached to one of
the polymers in a block copolymer and the benefits of both PILs and block copolymers
are combined. PILs possess unique properties, such as high solid-state ionic conductivity,
high chemical, electrochemical, and thermal stability, and a widely tunable chemical
platform, where significant changes in physical properties have been observed with subtle
changes in chemistry.2-6 When PILs are incorporated into the block copolymer, the
resulting PIL block copolymer can possess orthogonal properties, such as high modulus
(from the non-ionic polymer) and high conductivity or transport (from the ionic polymer
or PIL) through the self-assembly of two distinct polymers into well-defined
nanostructures of long-range order with tunable morphology and domain size.2, 4, 7-11 This
has promoted the investigation of PIL block copolymers as thin films for organic
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electronic devices,12-15 gas permeation membranes for CO2 separations,16,

17

and solid-

state polymer electrolytes for use in fuel cells and batteries.5-7, 18-22
Recently, several research groups have investigated the impact of morphology on
ion conductivity in PIL block copolymers.5, 7, 9, 23 Specifically, the strength of microphase
separation, the PIL composition, and processing conditions on morphology type,
orientation, and domain connectivity have all shown to have significant impact on the
resulting ion conductivity. All of these studies focused on the conductivity of the TFSI
(bis(trifluoromethanesulfonyl(imide)) counter anion, which transports under anhydrous
conditions, where ion transport is dictated by the segmental motion of polymer chains or
glass transition temperature and follows a VFT behavior as a function of temperature.
These materials are of interest for applications including batteries and capacitors.
However, few studies have investigated the conductivity-morphology relationships in PIL
block copolymers, where the counter anion conducts under hydrated conditions (e.g.,
bromide ion, hydroxide ion, bicarbonate ion), which are of interest for other applications,
including alkaline fuel cells and water purification membranes. The conductivity of these
counter anions is dictated by a water-assisted process (strong function of water content)
and follows an Arrhenius behavior as a function of temperature.
Several recent studies have investigated various cationic block copolymers for the
alkaline fuel cell application.5, 6, 24-35 A few of the studies report on the phase separation
of the block copolymer and its relationship to enhancing ion conductivity,5, 24, 27-31 while
others have reported on the alkaline fuel cell performance of their block copolymer as
either a catalyst binder or the electrolyte membrane separator.24,

25, 33, 34

Balsara and
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coworkers29 revealed intriguing results where a phosphonium containing block copolymer
shows increases in ion conductivity with decreasing phase separated domain size, while
the water uptake appears unchanged by changes in domain size. This block copolymer
demonstrates that high conductivity can be achieved at low water contents due to the
phase-separated structure. Kim and coworkers31 demonstrate higher ion conductivity in a
block copolymer compared to a random copolymer at a similar composition. These
results are similar to earlier findings from our laboratory described below.
Recently, in our laboratory, we investigated the water-assisted ion conductivity in
a PIL diblock copolymer poly(methyl methacrylate-b-1-[(2-methyacryloyloxy)ethyl]-3butylimidazolium bromide) (poly(MMA-b-MEBIm-Br)) in comparison to its analogous
PIL random copolymer at the same fixed PIL composition (17.3 mol% PIL) or ion
exchange capacity (IEC) of 1.4 meq g-1.36 The PIL block copolymer in that study
possessed a high bromide conductivity of 5.67 mS cm-1 at 80 °C and 90% RH, which was
over an order of magnitude higher than its analogous PIL random copolymer (at the same
IEC and water content). This difference in conductivity was due to the nanoscale
morphology (isotropic lamellae) in the PIL block copolymer evidenced by both smallangle X-ray scattering (SAXS) and transmission electron microscopy (TEM), while no
microphase separation was observed in the PIL random copolymer. Surprisingly, the
bromide ion conductivity in the PIL block copolymer was also higher than the PIL
homopolymer (control) at the same experimental conditions, even though the
homopolymer possessed a 3-fold higher IEC and a 2-fold higher water content compared
to the block copolymer. Similar conductivity trends were observed for the hydroxide
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form of these PIL polymers, where the PIL block copolymer and the homopolymer had
hydroxide conductivities of 25.46 and 15.29 mS cm-1, respectively, at 80 °C and 90%
RH. These are surprising results as they have not been evidenced elsewhere in waterassisted ion transport in block copolymers and the details of why the ion conductivity was
higher in the block copolymer compared to the homopolymer remain unclear. While
higher ionic conductivity in a block copolymer compared to its random copolymer has
been previously reported in literature for proton-conducting block copolymers,8, 37, 38 the
observation of higher ion transport in a block copolymer compared to its homopolymer is
unique and necessitates further investigation.
In this chapter, PIL block copolymers poly(MMA-b-MEBIm-Br) and poly(MMAb-MEBIm-OH) are investigated as a function of PIL composition (in contrast to the prior
study that only investigated one PIL composition) to explore this unique relationship
between ion conductivity and morphology, specifically with its relationship to its
homopolymer. Thus, the PIL diblock copolymer, poly(MMA-b-MEBIm-Br), was
synthesized at various PIL compositions (6.6, 11.9 and 26.5 mol%), via the reverse
addition fragmentation chain transfer (RAFT) polymerization technique, where the block
copolymer consists of an ionic PIL component (1-[(2-methacryloyloxy)ethyl]-3butylimidazolium

bromide) (MEBIm-Br)

and a non-ionic component

methyl

methacrylate (MMA) (Figure 6.1a). As a control, an analogous PIL homopolymer,
poly(MEBIm-Br), was synthesized by conventional free radical polymerization (Figure
6.1b). Hydroxide-exchanged PIL diblock copolymers and homopolymer, poly(MMA-bMEBIm-OH) and poly(MEBIm-OH), were prepared via anion exchange metathesis of
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the bromide-conducting polymers, at various PIL compositions as well. The conductivity,
water uptake, and morphology of these bromide- and hydroxide-conducting PILs were
investigated in this study. This broader set of data (conductivity at various PIL
compositions) allows for a more in depth analysis of the conductivity-morphology data,
where both the morphology factor, f, and percolation theory were examined. Both
approaches suggest that the local confinement of ions and water in block copolymer
microdomains results in higher conductivity compared to the bulk homopolymer over a
critical PIL composition.
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Figure 6.1. Chemical structures of (a) poly(MMA-b-MEBIm-X) block copolymer (b)
poly(MEBIm-X) homopolymer and, where X– is Br– or OH–.

6.2.

Experimental Methods

6.2.1. Materials
4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (chain transfer agent (CTA),
>97%, HPLC), tetrahydrofuran (THF, ≥99.9%), N, N-dimethylformamide (DMF, 99.9%,
HPLC), lithium bromide (LiBr, anhydrous, ≥99.9%), methanol (99.9%, HPLC),
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acetonitrile (anhydrous, 99.8%), calcium hydride (CaH2, 95%), potassium hydroxide
(KOH, ≥90%, reagent grade), and dimethyl sulfoxide-d6 (DMSO-d6, 99.9 atom % D,
contains

0.03%

v/v

TMS)

were

used

as

received

from

Sigma-Aldrich.

Azobis(isobutyronitrile) (AIBN, 98%, Sigma-Aldrich) was purified by recrystallization
twice from methanol. Methyl methacrylate (MMA, 99%, Sigma-Aldrich) was purified by
distillation over CaH2 at a reduced pressure. Ionic liquid monomer, 1-[(2methacryloyloxy)ethyl]-3-butylimidazolium

bromide

(MEBIm-Br),

was

prepared

according to literature.2 Dialysis tubing (Spectra/Por biotech membrane, molecular
weight cutoff (MWCO) = 500) was purchased from Fisher Scientific. Ultrapure deionized
(DI) water with resistivity ca. 16 MΩ cm was used as appropriate.

6.2.2. Synthesis
A polymerized ionic liquid (PIL) diblock copolymer, poly(MMA-b-MEBIm-Br),
was synthesized at various compositions from an ionic liquid monomer, 1-[(2methacryloyloxy)ethyl]-3-butylimidazolium (MEBIm-Br), and a non-ionic monomer,
methyl methacrylate (MMA) via the reverse addition fragmentation chain transfer
(RAFT) polymerization technique (see Figure 6.2) using a procedure in literature.4
Previously, we reported on the synthesis of this PIL block copolymer at one PIL
composition: 17.3 mol% (39.2 vol%). Herein, we report on this PIL block copolymer at
three additional PIL compositions: 6.6, 11.9, 26.5 mol% (17.9, 29.3, 52.5 vol%), where
the PIL composition of the block copolymer was varied by modifying the ratio of IL
monomer to PMMA macro-CTA to initiator (see Table 6.1). From these bromide (Br–)-
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conducting PIL diblock copolymers, poly(MMA-b-MEBIm-Br), a series of hydroxide
(OH–)-exchanged or hydroxide-conducting PIL diblock copolymers, poly(MMA-bMEBIm-OH), were prepared via anion exchange metathesis of the bromide-conducting
block copolymer annealed films and this procedure is described elsewhere.36 For
comparison, PIL homopolymer analogs, poly(MEBIm-Br) and poly(MEBIm-OH) (both
100 mol% PIL) were prepared, where poly(MEBIm-Br) was synthesized according to the
literature via free radical polymerization and poly(MEBIm-OH) was prepared by anion
exchange metathesis of the poly(MEBIm-Br).39 1H NMR were previously published for
the bromide- and hydroxide-conducting block copolymers at 17.3 mol% (39.2 vol%) PIL
composition and results for the additional PIL compositions synthesized in this paper are
similar.4, 36 PIL composition (mol%) of block copolymers was determined with 1H NMR
by relative integrations of resonance of OCH3 from the MMA block versus resonance of
N−CH=CH−N from the imidazolium ionic block. Molecular weights and molecular
weight distributions of the PIL block copolymers determined by size exclusion
chromatography (SEC) are reported in Table 6.1.
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Figure 6.2. Synthesis of PIL diblock copolymers: poly(MMA-b-MEBIm-Br) and
poly(MMA-b-MEBIm-OH).

(a)

Chain

transfer

agent

(CTA)

4-cyano-4-

(phenylcarbonothioylthio)pentanoic acid, AIBN, THF, 70 °C, 5 h; (b) MEBIm-Br, AIBN,
DMF, 70 °C, 5 h; (c) KOH (0.2 M), room temperature, 3 h (exchange 6 times); DI water,
room temperature, 3 h (wash 6 times).

6.2.3. Sample Preparation
The bromide-conducting PIL block copolymers, poly(MMA-b-MEBIm-Br), were
first dissolved in anhydrous acetonitrile (10% w/w) and cast onto Teflon substrates (ca.
35 mm (L) × 4 mm (W) × 0.525 mm (T)) under ambient conditions for ca. 2 days, and
subsequently annealed under vacuum at 150 °C for 72 h. Bromide-conducting PIL
homopolymer, poly(MEBIm-Br), films were fabricated by dissolving the polymer in
anhydrous acetonitrile (10% w/w)

and casting on glass substrates under ambient

conditions for 24 h followed by annealing under vacuum at room temperature for 72 h.
As described above, the hydroxide-conducting PIL block copolymers, poly(MMA-bMEBIm-OH), were prepared by anion exchange of the poly(MMA-b-MEBIm-Br)
annealed films. Hydroxide-conducting PIL homopolymer, poly(MEBIm-OH), films were
solution cast from DI water (10% w/w) on a glass substrate and dried under nitrogen
environment

overnight

at

room

temperature.

The

hydroxide-conducting

PIL
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homopolymer was not soluble in acetonitrile as was the bromide-conducting PIL
homopolymer. No microphase separation was observed for PIL homopolymers in this
study, therefore differences in solid-state properties due to different casting solvents is
not anticipated. These films were used to determine ionic conductivity and water uptake.
The film thicknesses, ranging between 80 to 200 μm, were measured with a Mitutoyo
digital micrometer with 1 μm accuracy.

6.2.4. Chemical Structure and Molecular Weight Characterization
All chemical structures, PIL compositions, and number-average molecular
weights of the PIL block copolymers were characterized by 1H NMR spectroscopy using
a Varian 500 MHz spectrometer at 23 °C with DMSO-d6 as the solvent. The chemical
shifts were referenced to tetramethylsilane (TMS). The molecular weights and molecular
weight distributions of PMMA macro-CTA and PIL block copolymers were determined
by size exclusion chromatography (SEC) using a Waters GPC system equipped with two
DMF Styragel columns (Styragel@HR 3 and Styragel@HR 4, effective separation of
molecular weight ranges: 500−30 000 and 5000−600 000) and a 2414 reflective index
(RI) detector. All measurements were performed at 40 °C. A mixture of DMF and 0.05 M
LiBr was used as a mobile phase at a flow rate of 1.0 mL/min. Poly(ethylene
glycol)/poly(ethylene oxide) (PEG/PEO) standards (Fluka) with molecular weights
ranging from 628 to 478 000 g mol−1 were used for calibration.
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6.2.5. Small-Angle X-ray Scattering
Small-angle X-ray scattering (SAXS) was performed using a multi-angle X-ray
scattering system generates Cu-Kα X-rays, λ = 0.154 nm, from a Nonius FR 591 rotating
anode operated at 40 kV and 85 mA. The bright, highly collimated beam was obtained
via Osmic Max-Flux optics and pinhole collimation in an integral vacuum system. The
scattering data were collected using a Bruker Hi-Star two-dimensional detector with a
sample-to-detector distance of 150 cm. Room temperature data were collected for 1 h for
each block copolymer film. Data were analyzed using Datasqueeze software.40 The
intensities were first corrected for primary beam intensity, and then background
scattering was subtracted. The isotropic 2-D scattering patterns were then azimuthally
integrated to yield 1-D intensity versus scattering angle (q) profiles. The intensities were
reported in arbitrary units (a.u.). Morphologies were classified by taking the ratio of the
positions of higher order X-ray scattering correlation peaks to the primary peak position,
q*, and comparing to known peak position ratios.41 The humidity- and temperaturedependent morphologies of poly(MMA-b-MEBIm-Br) and poly(MMA-b-MEBIm-OH)
were characterized by in situ X-ray scattering, conducted through the plane of the film,
using a custom designed environmental chamber.42 Relative humidity (RH) was varied by
regulating the flow of compressed air/water vapor mixture into the chamber and the
sample temperature was controlled by flowing heated or cooled water through the
chamber walls, as well as varying the temperature of the water vapor. This is operated by
a LabView® program, which employs a proportional-integral-derivative feedback control
loop to minimize the error between actual and desired relative humidity and temperature
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during X-ray scattering data collection. The environmental chamber is able to access a
temperature range of 25-90 °C with a precision of 0.05-0.5 °C and humidity range of 095% RH with a precision of 1.5% RH at 30 °C and 3% RH at 80 ºC. For the humidity
study, each sample was held at 30 ºC and the percent relative humidity was adjusted to
30, 60, 90, and 30% RH (reverse). For the temperature study, a separate sample was held
at 90% RH and the temperature was set to 50 °C and 80 °C. Samples were equilibrated
for at least 2 h at each condition before collecting X-ray scattering data. This
equilibration time matches that of the conductivity and water sorption experiments.

6.2.6. Electrochemical Impedance Spectroscopy
The ionic conductivities of polymer films were measured with electrochemical
impedance spectroscopy (EIS; Solartron, 1260 impedance analyzer, 1287 electrochemical
interface, Zplot software) over a frequency range of 1−106 Hz at 200 mV. Conductivities
were collected in an environmental chamber (Tenney, BTRS model), where temperature
and relative humidity were controlled. The in-plane conductivities of the polymer films
were measured in a cell with four-parallel electrodes, where an alternating current was
applied to the outer electrodes and the real impedance or resistance, R, was measured
between the two inner reference electrodes. The resistance was determined from a high xintercept of the semicircle regression of the Nyquist plot. Conductivity was calculated by
using the following equation: σ = L/AR, where L is the distance between two inner
electrodes and A is the cross-sectional area of the polymer film (A = Wl; W is the film
width and l is the film thickness). Samples were allowed to equilibrate for 2 h at each
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temperature and humidity followed by six measurements at the equilibrium condition.
The values reported are an average of these steady-state measurements. An average error
of < 5% was observed among repeated experiments. Note that CO2 was not removed from
humid air in these experiments. However, significant differences between hydroxide,
carbonate, and bicarbonate conductivities in imidazolium-based polymers was observed
in our previous work under the same conditions within similar experimental times,
suggesting that imidazolium-based polymers may have a high tolerance to the deleterious
effect of CO2.43

6.2.7. Dynamic Vapor Sorption
Water uptake or content was measured with dynamic vapor sorption (DVS, TA
Instruments Q5000). A dry film sample was first loaded into the DVS and preconditioned
at 0% RH and 30 °C for 2 h. Only a small weight loss (< 0.5%) was observed during this
2 h period and the loss in mass did not change well before the end of this 2 h time period.
The relative humidity was then systematically changed to a constant value at a fixed
temperature or the temperature was systematically changed to a constant value at a fixed
humidity and the film was allowed to equilibrate at that condition for 2 h. The water
uptake (content) [wt%; (g H2O/g dry polymer)  100] in the polymer was calculated as
follows:
WW 

W  W0
100
W0

(6.1)

where W0 and W are dry and wet polymer weights measured before and after the DVS
experiment, respectively. The hydration number (λ), defined as the moles of water per
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mole of imidazolium cations in the hydrated polymer [mol H2O/mol Im+], was calculated
using the following equation.

 W   MWCP   1 
λ   W 


 100   MWW   xPIL 

(6.2)

MWCP  (1  xPIL )MWMMA  xPIL MWIL

(6.3)

xPIL is the PIL composition (mole fraction) in the PIL block copolymer determined from
NMR, MWCP is the average molecular weight of the repeat unit of the copolymer (with
counter anion), and MWW and MWIL are the molecular weights of water (18.02 g mol-1)
and IL monomeric unit (where MWIL for MEBIm-Br = 317.23 g mol-1 and MWIL for
MEBIm-OH = 254.34 g mol-1), respectively.

6.2.8. Composition Calculation
The PIL composition in the dry PIL block copolymers was calculated in terms of
volume percent [vol%; (cm3 PIL/cm3 copolymer)  100] using the following equation:

 MWIL    CP 
vol%  x PIL 
(6.4)

 100
 MWCP    IL 
Similarly, the volume fraction corresponding to the PIL composition can be defined:

 PIL 

vol%
100

(6.5)

In Eq. 6.4,CP is the density of the copolymer, which is given by:
1

 CP



wPMMA

 PMMA



wPIL

 PIL

(6.6)
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where wPMMA and wPIL are the weight fractions of PMMA and PIL, respectively, and

PMMA and PIL are the densities of PMMA and PIL. Eq. 6.5 represents the volume
fraction of the PIL in the block copolymer when no water is present in the polymer, i.e.,
the dry PIL volume fraction. If one assumes that when water is absorbed by the block
copolymer that all of the water is absorbed into the PIL phase, since the water solubility
in PMMA is negligible, then a volume fraction of the conducting phase can be
determined at any given relative humidity or temperature. In other words, the volume
fraction of the conducting phase is the volume of the PIL phase plus water determined
from the known PIL composition (determined from NMR) and the water content
(determined from DVS). Therefore, the volume fraction of the conducting phase can be
determined using the following expression:

 PIL W

WW    CP 
100       PIL

 W 

W    
1   W   CP 
100   W 

(6.7)

where W is the density of water, WW is the water content in Eq. 6.1, and PIL is the PIL
volume fraction in Eq. 6.5.

6.3.

Results

6.3.1. PIL Block Copolymer Synthesis
We synthesized a series of bromide-conducting PIL diblock copolymers
(poly(MMA-b-MEBIm-Br)) at various MEBIm-Br (or PIL) compositions and an
analogous PIL homopolymer (poly(MEBIm-Br)). The bromide-conducting PIL block
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copolymers and PIL homopolymer were synthesized using reversible additionfragmentation chain transfer (RAFT) polymerization and conventional free-radical
polymerization techniques, respectively. The bromide-conducting block copolymers and
homopolymer were subsequently converted into hydroxide counterion form via anion
exchange metathesis (Figure 6.2c) to form hydroxide-conducting block polymers
(poly(MMA-b-MEBIm-OH)) and homopolymer (poly(MEBIm-OH)). The reaction
conditions, molecular weights, and polydispersities of the PIL block copolymers and
homopolymer are listed in Table 6.1. Note the molecular weights (Mw) of the PIL block
copolymers and the homopolymers are similar. The synthesis, conductivity, and
morphology of the PIL block copolymer at 17.3 mol% (39.2 vol%) PIL composition and
the PIL homopolymer (100 mol% or vol% PIL) have previously been published in both
bromide and hydroxide forms.36 Herein, we report the synthesis, conductivity, and
morphology of this PIL block copolymer as a function of PIL composition, where the
additional PIL compositions of 6.6, 11.9, 26.5 mol% (17.9, 29.3, 52.5 vol%) are listed in
Table 6.1.
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Table 6.1. Reaction Conditions, Molecular Weights, and Composition of PIL Block
Copolymers and Homopolymers.
PIL Block
Copolymersa
Poly(MMA-bMEBIm-Br)

Poly(MMA-bMEBIm-OH)

a

mol %

vol%c

6.6b

17.9

IEC
(meq/g)d
0.60

11.9b
17.3b
26.5b
100.0

29.3
39.2
52.5
100.0

1.02
1.40
1.56
4.20

6.6

16.4

11.9
17.3
26.5
100.0

27.3
36.7
50.0
100.0

Recipee
20:1:0.1

Mn
(kg mol-1)
13.1 + 2.94f

Mn
(kg mol-1)
18.23g

PDI
1.22g

40:1:0.1
60:1:0.1
100:1:0.1

13.1 + 5.60f
13.1 + 8.68f
13.1 + 14.96f

20.38g
18.90g
26.50g
29.90g

1.44g
1.26g
1.33g
2.20g

0.60

13.1 + 2.36h

17.99h

1.22

1.02
1.40
1.56
4.20

13.1 + 4.49h
13.1 + 6.96h
13.1 + 12.00h

19.90h
18.25h
25.10h
23.99h

1.44
1.26
1.33
2.20

b = block copolymer, Br = bromide counterion (Br–), OH = hydroxide counterion (OH–);

b

PIL (MEBIm-Br) mol% was determined from 1H NMR spectroscopy; cdry PIL vol%

values were calculated from weight fractions and densities of PMMA (1.18 g cm-3) and
PIL homopolymers (ρpoly(MEBIm-Br) = 1.22 g cm-3 and ρpoly(MEBIm-OH) = 1.08 g cm-3);
d

calculated as mmeq Im+ per g of polymer. eA:B:C = MEBIm-Br:PMMA-CTA:AIBN (in

mol); fcalculated from 1H NMR spectroscopy; gdetermined by SEC. hcalculated from
bromide-conducting PIL polymers.

6.3.2. Conductivity and Water Uptake of Bromide-Conducting PIL Block Copolymers
Figure 6.3 shows the bromide ion conductivity and water uptake of the block
copolymers at various PIL compositions (in vol%; Eq. 6.4) and the analogous
homopolymer (100 vol% PIL) over a range of humidities and temperatures. Figure 6.3a
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specifically shows the bromide conductivity at 30 °C as a function of relative humidity
(RH) from 30 to 90% RH for the block copolymers and the homopolymer. The bromide
conductivity increases over 3-4 orders of magnitude with increasing RH for all polymers.
This can be attributed to a water-assisted transport mechanism similar to water-Nafion
systems, where an increase in water content in the polymer (1 to 34 wt%; Figure 6.3c) is
observed over this humidity range for all polymers. This ion transport mechanism differs
from ion transport in anhydrous polymers (e.g., lithium salt-poly(ethylene oxide)
systems), where ion transport is dictated by the segmental dynamics of the polymer
chains. Conductivity also increases with PIL composition, where conductivity increases
by several orders of magnitude at low humidity and by one order of magnitude at high
humidity when comparing the lowest and highest PIL composition block copolymers.
The PIL block copolymers at the two highest PIL compositions of 39.2 and 52.5 vol%
have higher bromide conductivities compared to the homopolymer (100 vol% PIL): 1.14
x 10-3 and 1.49 x 10-3 versus 9.6 x 10-4 mS cm-1 at 30 °C and 30% RH, and 1.12 and 1.44
versus 0.87 mS cm-1 at 30°C and 90% RH, respectively. Note that at both 30 and 90%
RH, this cannot be attributed to water uptake as the water content is 2-fold higher in the
homopolymer versus the block copolymers at 39.2 and 52.5 vol% PIL (which have
relatively equal water uptake; Figure 6.3c). Also, the normalized water uptakes (mol
water/mol imidazolium charged group) for homopolymer and PIL block copolymers at
all PIL compositions are similar at all experimental conditions. This unusual behavior of
higher conductivity in the block copolymer versus its homopolymer (despite lower ionic
content and water content in the block copolymer) was observed for the 39.2 vol% PIL
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block copolymer in our previous work and similar results were also observed here for the
52.5 vol% PIL block copolymer.36

Figure 6.3. Bromide conductivity (a, b) and water uptake (c, d) as a function of relative
humidity at 30 °C (a, c) and temperature at 90% RH (b, d) for the PIL block copolymer,
poly(MMA-b-MEBIm-Br), at various PIL compositions (17.9, 29.3, 39.2, 52.5 vol%; Eq.
6.4) and the PIL homopolymer, poly(MEBIm-Br) (100 vol% PIL).
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The block copolymers at the two lowest PIL compositions of 17.9 and 29.3 vol%
have lower bromide conductivities compared to the homopolymer for all relative
humidities at 30 °C. In Figure 6.3a, the block copolymer at 29.3 vol% PIL has
conductivities an order of magnitude below the homopolymer at 30, 45, and 60% RH and
half an order of magnitude lower at 75% RH, but at 90% RH the block copolymer
conductivity is comparable to the homopolymer (0.81 versus 0.87 mS cm-1, respectively).
The lowest composition block copolymer at 17.9 vol% PIL has conductivities two orders
of magnitude below the homopolymer at low humidity and approximately an order of
magnitude lower at 75% and 90% RH. It is evident that the relationship between block
copolymer and homopolymer conductivity is PIL composition dependent, considering the
lowest PIL content block copolymer never surpasses the conductivity of the
homopolymer while greater conductivity compared with the homopolymer is observed at
various conditions for all three higher composition PIL block copolymers. It is interesting
that increasing relative humidity has a more significant effect on the conductivity in the
lower composition block copolymers than in the higher composition block copolymers.
In Figure 6.3b, the bromide conductivity at 90% RH versus temperature follows
an Arrhenius behavior with activation energies of 37, 30, 29, 29, and 25 kJ mol-1 for the
17.9, 29, 39.2, 52.5, and 100 vol% PIL compositions, respectively. This ion transport
mechanism differs from ion transport in anhydrous polymers, where ion transport versus
temperature follows a VFT behavior due to the impact of polymer chain segmental
dynamics on ion transport. It was previously reported that at 90% RH, the block
copolymer with 39.2 vol% PIL has higher conductivities than the PIL homopolymer for
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all temperatures in the range 30-80 °C. In this work, the block copolymer with 52.5 vol%
PIL was also observed to have higher conductivities compared to the homopolymer for
all temperatures at 90% RH. Interestingly, at 90% RH and higher temperatures (60, 70,
80 °C), the block copolymer at 29.3 vol% PIL has higher conductivities compared to the
homopolymer as well. For example, at 80 °C and 90% RH, bromide conductivities are
4.35, 5.67, 7.64 mS cm−1 versus 3.55 mS cm−1 for compositions of 29.3, 39.2, 52.5 vol%
PIL versus 100 vol% PIL, respectively. Only the lowest composition block copolymer
(17.9 vol% PIL) has conductivities below that of the homopolymer for all temperatures at
90% RH. Note that in Figure 6.3d, at 90% RH, the polymer equilibrium water contents
are constant over the temperature range and are increasing with increasing PIL content
(with the exception of relatively equal water uptake in the 39.2 and 52.5 vol% PIL
composition block copolymers) from approximately 8 to 34 wt%, where the water uptake
of the highest composition block copolymer is ~18 wt% and the homopolymer is ~34
wt%. Therefore, the PIL block copolymers at the two highest compositions (52.5, 39.2
vol%) are ~1.8- and ~1.4-fold higher in conductivity compared to the homopolymer at all
temperatures at 90% RH despite a 2-fold lower water content. The lowest two PIL
content block copolymers have conductivities at or below the value of the PIL
homopolymer, indicating that these high conductivity results are composition-dependent,
i.e., once the composition is below a certain threshold, higher conductivities are no longer
observed in the block copolymer compared with the homopolymer.
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6.3.3. Morphology of Bromide-Conducting PIL Block Copolymers
It was previously shown that the bromide-conducting block copolymer at 39.2
vol% PIL exhibits strongly microphase-separated isotropic lamellar morphology with
long-range order.36 In situ small-angle X-ray scattering profiles for the bromideconducting PIL block copolymer with 52.5 vol% PIL are shown in Figure 6.4. At 30 °C,
under vacuum, the scattering data contains a narrow primary peak at position q* = 0.17
nm-1 and higher-order peaks at positions 2q*, 3q*, and 4q*, indicative of a strongly
microphase-separated lamellar morphology. This is interesting given the identical
backbone structures of the PMMA and PIL units. It is apparent that the addition of
charged pendant groups, specifically a charged imidazolium pendant group and
hydrophilic bromide counterion with highly localized charge, to the PIL results in a large
degree of immiscibility between the two polymers. As humidity increases, the peak
positions shift to lower scattering vectors, which corresponds to the swelling of PIL
microdomains with water. At 30 °C and 90% RH, the third peak becomes weak, but the
first and second peaks remain well defined and the ratio of their intensities does not
change (Figure 6.4a). At 90% RH, as temperature is increased, the data becomes noisier,
but the change in scattering is minimal (Figure 6.4b). These results reveal that this PIL
block copolymer maintains a lamellar morphology and strong microphase separation over
the investigated humidity and temperature conditions. In fact, all of the bromideconducting PIL block copolymers films at other PIL compositions in this study exhibit
strong microphase separation and their morphology types remain constant at various
humidities and temperatures. SAXS profiles for the 17.9 and 29.3 vol% PIL
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compositions, shown in Figure 6.5 and Figure 6.6 contain two scattering peaks at
positions q* and 2q*, indicative of microphase separated morphology. Table 6.2 provides
a summary of X-ray scattering results for all compositions of the block copolymer.

a

b

90% RH

Intensity (a.u.)

Intensity (a.u.)

80 °C

60% RH

50 °C

30% RH

30 °C

Vacuum
30 °C

0

90% RH

0.5

1
-1

q (nm )

1.5

0

0.5

1

1.5

-1

q (nm )

Figure 6.4. In situ small-angle X-ray scattering data for poly(MMA-b-MEBIm-Br) with
52.5 vol% PIL (a) at 30 ○C as a function of relative humidity and (b) at 90% RH as a
function of temperature, indicating that a lamellar morphology is maintained over all
investigated relative humidities and temperatures. Data are offset vertically for clarity.
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Figure 6.5. In situ small-angle X-ray scattering data for poly(MMA-b-MEBIm-Br) with
17.9 vol% PIL at 30 ºC as a function of relative humidity, indicating a microphase
separated morphology over the investigated conditions. Data are offset vertically for
clarity.
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Figure 6.6. In situ small-angle X-ray scattering data for poly(MMA-b-MEBIm-Br) with
29.3 vol% PIL (a) at 30 ºC as a function of relative humidity and (b) at 90% RH as a
function of temperature, indicating that a microphase separated morphology is
maintained over all investigated relative humidities and temperature. Data are offset
vertically for clarity.
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Table 6.2. Morphology of Bromide-Conducting and Hydroxide-Conducting PIL Block
Copolymers.
PIL Block Copolymersa
Poly(MMA-b-MEBIm-Br)

Poly(MMA-b-MEBIm-OH)

a

Microphase Separated
Microphase Separated
Lamellar
Lamellar

d* c
(nm)
21.7
24.6
28.6
35.1

LPIL d
(nm)
3.9
7.1
11.2
18.6

16.4
27.3

Microphase Separated
Microphase Separated

22.0
27.3

3.5
7.4

36.7
50.0

Microphase Separated
Microphase Separated

24.2
33.1

9.0
16.6

PIL %
(vol%)b
17.9
29.3
39.2
52.5

Morphology

Br = bromide counterion (Br–), OH = hydroxide counterion (OH–); bdry volume fractions

were calculated from weight fractions and density of PMMA and PIL homopolymers;
c

correlation distance at room temperature, under vacuum, calculated by d* = 2π/q*,

where q* is the position of the primary peak obtained from 1-D SAXS data; dPIL
microdomain size at room temperature, under vacuum, calculated by LPIL = ϕPILd*, where
ϕPIL is the volume fraction of PIL.

Further insight can be gained by investigating the size of block copolymer
microdomains, which can be quantified from the SAXS data. The domain spacing, d*, is
equal to 2π/q* and corresponds to the average center-to-center distance between PIL
microdomains. Values of d* were determined for the bromide-conducting PIL block
copolymers at various PIL compositions and increase with increasing PIL composition
from 21.7 to 35.1 nm at room temperature, under vacuum, and 22.1 to 40.5 nm at 30 °C
and 90% RH. The size of the PIL and water microdomain, LPIL+W, is given by LPIL+W =
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ϕPIL+Wd*, where ϕPIL+W is the total volume fraction of PIL and water (Eq. 6.5). For the
bromide PIL block copolymers, LPIL varied from 3.9 to 18.6 nm at room temperature,
under vacuum, and LPIL+W varied from 5.6 to 24.7 nm at 30 °C and 90% RH. These
values suggest differences between the PIL block copolymer and homopolymer. Because
their size ranges from only a few nanometers to tens of nanometers, PIL microdomains
may have a higher local ion and water concentration than the bulk PIL homopolymer.
This may act to enhance ion transport within the PIL microdomain. Furthermore, the
structure of water and subsequently the transport mechanism of ions and water molecules
in PIL microdomains may be different from that of the bulk PIL homopolymer.

6.3.4. Conductivity and Water Uptake of Hydroxide-Conducting PIL Block Copolymers
Figure 6.7 shows the hydroxide ion conductivity of the block copolymers and
homopolymer over a range of humidities and temperatures. The hydroxide conductivity
trends are similar to the bromide conductivity data (Figure 6.3) with the primary
difference being the overall higher magnitude in ion conductivity. For example, the
bromide and hydroxide conductivities with increasing PIL composition at 90% RH and
80 °C are 1.33 versus 3.89 mS cm-1, 4.35 versus 7.60 mS cm-1, 5.67 versus 25.46 mS cm1

, and 7.64 versus 25.01 mS cm-1 respectively, which corresponds to a range of 2- to 4.5-

fold increase. Similarly, a 4-fold increase in conductivity (3.55 versus 15.29 mS cm-1) is
apparent in the homopolymer. The magnitude of the water uptake also increases from the
bromide to the hydroxide-conducting polymers, with bromide-conducting polymer water
contents varying from 1 to 34 wt% compared to the water contents in the hydroxide-
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conducting polymers varying from 2 to 61 wt% over 30 to 90% RH at 30 °C (Figure
6.7c).

Figure 6.7. Hydroxide conductivity (a, b) and water uptake (c, d) as a function of relative
humidity at 30 °C (a, c) and temperature at 90% RH (b, d) for the PIL block copolymer,
poly(MMA-b-MEBIm-OH), at various PIL compositions (16.4, 27.3, 36.7, 50.0 vol%)
and the PIL homopolymer, poly(MEBIm-OH) (100 vol%).
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At 30 °C and low relative humidity (30, 45 and 60% RH), the block copolymer at
50.0 vol% PIL has conductivities ~92% higher than that of the homopolymer, however
the block copolymers at all other PIL compositions have lower hydroxide conductivities
compared to the homopolymer at these humidities. Interestingly, at 30 °C and 90% RH,
the block copolymer at 50.0 vol% PIL has a lower conductivity than the homopolymer
(~52% less), while the block copolymer at 36.7 vol% PIL has higher conductivity (~38%
higher) than the homopolymer. Analogous to bromide conductivity results, Figure 6.7b
shows the block copolymer at 36.7 vol% PIL has higher hydroxide conductivities
compared to the homopolymer for all temperatures at 90% RH: 7.91 versus 5.48 mS cm-1
at 30 °C and 25.46 versus 15.29 mS cm-1 at 80 °C. From our previous work, this result of
higher conductivity in a PIL block copolymer than its analogous PIL homopolymer is a
unique and surprising result not found elsewhere in literature.36 However, the PIL block
copolymer at a higher PIL composition of 50.0 vol% only has higher hydroxide
conductivities than the homopolymer at higher temperature (50, 60, 70, 80 °C): 25.01
versus 15.29 mS cm-1 at 80 °C. These results differ from the bromide conductivity results,
where the PIL block copolymer at the highest composition had bromide conductivities
higher than the homopolymer at all temperatures at 90% RH. The block copolymers with
lower PIL compositions (16.4, 27.3 vol%) have lower hydroxide conductivities compared
to the homopolymer for all temperatures at 90% RH (on average ~89 and 58% less,
respectively). Note that the bromide conductivity of the block copolymer with 27.3 vol%
PIL was comparable to the homopolymer (on average ~7% less) for all temperatures at
90% RH.
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Note that the hydroxide conductivity at 30 °C and 90% RH differs in Figure 6.7a
compared to Figure 6.7b for the lower PIL composition samples (16.4 and 27.3 vol%).
These experiments were conducted on different days on the same samples (Figure 6.7b –
day 1; Figure 6.7a – day 2). We postulate that these differences are due to the samples at
low PIL composition being in a non-equilibrium state. Similar results (conductivity
differences over days) were observed by Balsara and coworkers28 on imidazolium-based
block copolymers.
Figure 6.7d shows relatively small decreases in water uptake for the block
copolymers at 90% RH with increasing temperature over this temperature range. The
water uptake of the highest PIL composition block copolymer and homopolymer are ~24
wt% and ~61 wt%, respectively, at 30 °C and 90% RH.
Similar to previous results on the block copolymer at 36.7 vol% PIL, the block
copolymer at 50.0 vol% PIL also has a higher hydroxide conductivity at 80 °C and 90%
RH compared to the homopolymer: 25.01 versus 15.29 mS cm−1. Again, note that water
content in this block copolymer (50.0 vol%) is significantly lower than the homopolymer
at high temperature and high humidity: 20 versus 54 wt%. Similar to proton conductivity
in Nafion, the hydroxide conductivity in these PIL polymers follows an Arrhenius
behavior with temperature at high humidity (Figure 6.7b) with activation energies of 44,
25, 20, 32, and 18 kJ mol−1 for the 16.4, 27.3, 36.7, and 50.0 vol% PIL composition block
copolymers and homopolymer, respectively. These activation energies are lower than that
of bromide conductivity in these PIL polymers (with the exception of the 16.4 vol% PIL
composition), but higher than that for proton conductivity in Nafion (10 ± 2 kJ mol−1).44
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6.3.5. Morphology of Hydroxide-Conducting PIL Block Copolymers
In situ SAXS was also performed for the hydroxide-conducting PIL block
copolymers. SAXS profiles as a function of humidity and temperature for the hydroxideconducting block copolymer at 50.0 vol% PIL are shown in Figure 6.8. At 30 °C, under
vacuum, the SAXS data contains one broad peak, indicating a weakly microphase
separated morphology. This scattering profile persists as humidity increases to 30 and
60% RH. At 30 °C, 90% RH, the scattering data is featureless, which is attributed to a
loss in electron density difference contrast due to the addition of water in the PIL domain
rather than a loss in order (Figure 6.8a).36 This is based on two indicators: the
macroscopic state of the block copolymer remains mechanically robust at 90% RH, and it
is also known that block copolymers in the disordered state still exhibit a scattering peak,
given that they have sufficient contrast. The scattering data remains featureless at 90%
RH as temperature is increased to 50 and 80 °C (Figure 6.8b). For all of the hydroxideconducting PIL block copolymers, scattering profiles with one or two weak peaks were
observed at room temperature, under vacuum, and at low humidity (30 and 60% RH), and
a featureless profile was observed at 90% RH (Figure 6.9 and Figure 6.10). The data is
consistent with the hydroxide-conducting PIL block copolymers maintaining a weakly
microphase separated morphology at all investigated humidities and temperatures, with a
loss in scattering contrast at 90% RH. This differs from the strongly microphase
separated morphology of the bromide-conducting block copolymers (Figure 6.4).
Although the hydroxide-conducting PIL block copolymers exhibit weakly microphase
separated morphologies, their conductivities are greater than the conductivities of their
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bromide-conducting analogs at the same PIL composition. The microdomain sizes of the
hydroxide PIL block copolymers were also on the order of nanometers to tens of
nanometers (Table 6.2). The average domain size, d*, of the hydroxide block
copolymers, varies from 22.0 to 33.1 nm with increasing PIL content at room
temperature, under vacuum, and from 23.3 to 35.9 nm at 30 °C and 60% RH. The PIL
microdomain size, LPIL, varies from 3.5 to 16.6 nm with increasing PIL content at room
temperature under vacuum, and LPIL+W varied from 5.9 to 21.8 nm at 30 °C and 60% RH.
Again, the confinement of PIL chains and water may contribute to accelerated ion
transport, resulting in the conductivities in high PIL composition block copolymers
exceeding that of the homopolymer.
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Figure 6.8. In situ small-angle X-ray scattering data for poly(MMA-b-MEBIm-OH) with
50.0 vol% PIL (a) at 30 ○C as a function of relative humidity and (b) at 90% RH as a
function of temperature. Data are offset vertically for clarity.
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Figure 6.9. In situ small-angle X-ray scattering data for poly(MMA-b-MEBIm-OH) with
16.4 vol% PIL at 30 ºC as a function of relative humidity, indicating that a microphase
separated morphology is maintained over all investigated relative humidity and
temperatures. Data are offset vertically for clarity.
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Figure 6.10. In situ small-angle X-ray scattering data for poly(MMA-b-MEBIm-OH)
with 27.3 vol% PIL (a) at 30 ºC as a function of relative humidity and (b) at 90% RH as a
function of temperature, indicating that a microphase separated morphology is
maintained over all investigated relative humidity and temperatures. Data are offset
vertically for clarity.

6.4.

Discussion

6.4.1. Morphology Factor
Overall, it is apparent that other mechanisms are impacting transport in this study
as the homopolymer exceeds both the PIL content (IEC) and water content compared to
that of the block copolymers for all temperatures and humidities studied, but the two
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highest composition PIL block copolymers have conductivities exceeding that of the
homopolymer under several conditions. These results are unusual. As a function of ion
composition and water content, there are several different approaches to analyze the data.
Two approaches are discussed here: morphology factor and percolation theory.
Others investigators45,

46

have explained the effect of morphology on ion

conductivity in block copolymers using a morphology factor (f) or normalized
conductivity with the following relation.
f 


 c c

(6.8)

In Eq. 6.8, σ, C, σCare the measured ion conductivity of the block copolymer, the
volume fraction of the conducting block, and the intrinsic ion conductivity of the
conducting microdomain, respectively. Typically, the conductivity of the homopolymer
and the volume fraction of the ionic block are used as σC and C, respectively, to calculate
the morphology factor. This provides an estimate of the impact of morphology on
transport, where the ion-conducting phase is the minority phase and the theoretical upper
limits for the values for f in a solid-state block copolymer for a randomly oriented ionic
microdomains in 1-D hexagonally packed cylinders, 2-D lamellae, and 3-D network
(gyroid) morphologies are 1/3, 2/3, and 1, respectively.
Recently, several researchers have investigated conductivity-morphology
relationships in PIL block copolymers as a function of PIL composition with this
approach.7, 9, 29, 45, 47, 48 Weber et al.7 determined morphology factors in the range of 0.41
to 0.61 for a PIL composition of C = 0.5 with a lamellar morphology. This was slightly
lower than the predicted f = 2/3 for randomly oriented lamellae. They suggested that there
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may be some additional resistance due to non-ideal connectivity of microdomains
throughout the sample. In this same study, morphology factors in the range of 0.03 to
0.05 were determined for a PIL composition of C = 0.34 with a lamellar + cylindrical
morphology. The coexistence of cylinders and lamellae should correspond to a theoretical
morphology factor in the range of 1/3 to 2/3, however, the morphology factors
determined in this study were far below this range suggesting poor macroscopic
connectivity of ionic microdomains across the sample and possibly other morphological
defects that could hinder ion conduction. In another recent study, Choi et al.9 also
determined morphology factors to analyze ion conductivity in a PIL block copolymer. A
cylindrical morphology was observed for block copolymers with PIL compositions C =
0.18 and 0.32 and morphology factors of less than 0.1 were determined for both of these
compositions. These morphology factors were significantly smaller than the theoretical
value of f = 1/3 for randomly oriented cylinders. The hexagonally packed cylindrical
morphologies in these samples showed limited long-range order as evidenced by SAXS
and TEM and therefore suggests the low morphology factors are due to poor connectivity
of ionic cylindrical microdomains across the sample. At higher PIL composition of C =
0.41, a lamellar morphology was observed and morphology factors in the range of 0.54 to
0.67 was determined, which was comparable to the theoretical f = 2/3 for randomly
oriented lamellae. At an even higher PIL composition of C = 0.51, morphology factors
ranging from 0.88 to 1.0 were determined for a sample exhibiting a coexisting lamallae +
network morphology, which lies between the theoretical limit of f = 2/3 (for lamellae) to f
= 1 (for gyroid). It was suggested that at these higher PIL compositions, the degree of
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microdomain connectivity improves, resulting in higher morphology factors and
improved conductivity. Overall, the morphology factor can be used as a tool to not only
understand the impact of morphology type on conductivity with changing composition,
but the impact of the degree of ion microdomain connectivity, where a high degree of
connectivity is required for optimized ion conductivity.
These previous studies lend valuable insights to transport-morphology
relationships in PIL block copolymers, but they focused on the conductivity of the TFSI
counter anion in anhydrous conditions. In this study, the conductivities of the bromide
and hydroxide anions are under investigation under hydrated conditions. To our
knowledge, the morphology factor analysis has yet to be applied to water-assisted ion
transport in PIL block copolymers.36 For water-assisted ion transport in block
copolymers, we propose a modification to the morphology factor in Eq. 6.8.

f 

σ

PIL W σ HP

(6.9)

Eq. 6.9 accounts for not only changing PIL composition, but also different water
contents in the block copolymer, where water content is included in the volume fraction
of the conducting phase, PIL+W, or volume fraction of PIL + water in the polymer. Also,
to analyze the data in this study, the ion conductivity of the PIL homopolymer, σHP, is
used for the intrinsic ion conductivity of, σC, similar to the previous studies on PIL block
copolymers.
Figure 6.11 shows normalized conductivity, f (Eq. 6.8), versus volume fraction of
the conducting phase, PIL+W, for the bromide- and hydroxide-conducting PIL block
copolymers and PIL homopolymer at 80 °C and 90% RH (the condition of most interest
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for the alkaline fuel cell application). Morphology factors of 1.5, 3.2, 3.2, and 3.5 were
observed for the bromide-conducting block copolymers with PIL compositions of C =
0.179, 0.293, 0.392, 0.525, respectively (Figure 6.11a). The homopolymer control is
indicated on the graph with a morphology factor of 1.0. The two highest PIL
compositions have a lamellar morphology, while the two lower PIL compositions are
microphase separated, where a periodic structure could not be determined from the SAXS
results for these two compositions (Table 6.2). As previously explained, the maximum
theoretical limit for randomly oriented lamellar domains is f = 2/3. Therefore, the block
copolymers at all PIL compositions exceed this limit for both lamellar and microphaseseparated morphologies, where the three highest PIL compositions have normalized
bromide conductivities 3-fold higher than the homopolymer. Figure 6.11b shows
morphology factors of 1.0, 1.3, 3.5, and 2.7 for the hydroxide-conducting block
copolymers with PIL compositions of C = 0.164, 0.273, 0.367, 0.500, respectively.
SAXS results indicate microphase-separated morphologies for all PIL compositions
without a periodic structure (Table 6.2). Similar to bromide conductivity results, the
hydroxide conductivity results also show unusually high morphology factors that support
the previous results of conductivity higher in a block copolymer compared to its
analogous homopolymer. Also, similar to the conductivity results (Figure 6.3 and Figure
6.7), the morphology factors are PIL composition dependent, where the lowest PIL
composition has the lowest morphology factor. These results suggest that scaling with the
homopolymer conductivity to determine the morphology factor may not be an
appropriate methodology. In other words, the conductivity in the PIL microdomains may
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accelerate bromide and hydroxide ion transport due to the local confinement of ions and
water within connected network of nanochannels. This confinement results in a higher
conductivity in these channels compared to the homopolymer conductivity due to the
proximity of ions and water within confined channels and therefore normalizing by the
homopolymer conductivity no longer yields meaningful results under this geometric
construct. Although this is new to block copolymers, the enhancement of ion conductivity
in polymers confined within channels or pores has been observed in other polymer
systems.49, 50 To understand the impact of morphology and microdomain confinement on
ion transport in more detail, percolation theory was also explored.
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Figure 6.11. Normalized ionic conductivity as a function of volume fraction of the
conducting phase (ϕPIL+W) at 80 °C and 90% RH for (a) poly(MEBIm-Br) and
poly(MMA-b-MEBIm-Br) and (b) poly(MEBIm-OH) and poly(MMA-b-MEBIm-OH).
Conductivity is normalized by homopolymer conductivity (HP) and volume fraction of
conducting phase (ϕPIL+W).

6.4.2. Percolation Theory
Percolation theory describes diffusion through a two-phase system, where one
phase is permeable (minority phase) and the other is non-permeable (majority phase).51, 52
The “percolation threshold” is defined as the critical concentration of the minority phase,
where isolated domains become interconnected and accessible. According to percolation
theory, no transport occurs below the percolation threshold, while transport above the
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percolation threshold follows a power law dependency on the minority phase volume
fraction accordingly:52



 1  1,c 
0

D

(6.10)

In Eq. 6.10, σ is the overall measured ionic conductivity of the system, σ0 is the inherent
ionic conductivity (or conductivity of the pure minority phase), D the critical exponent
for diffusion; 1 is the volume fraction of the minority phase, and 1,c is the volume
fraction of the minority phase at the percolation threshold or the critical volume fraction.
Above the percolation threshold, the quantity ( 1 - 1,c) is known as the excess volume
fraction. A plot of measured overall conductivity versus minority volume fraction can be
used to determine the critical volume fraction and subsequently a log-log plot of
conductivity versus excess volume fraction can be used to determine the inherent
conductivity (intercept) and the critical exponent (slope). These two parameters can
provide insights into this present study on ion transport in PIL block copolymers. In other
words, if confinement of the PIL domain within the block copolymer morphology has no
detrimental or enhancing impact on transport, then the inherent conductivity should
match that of the measured PIL homopolymer conductivity. Furthermore, the critical
exponent provides a measure of morphology and its impact on transport. Kirkpatrick52
determined values of D = 1.6-1.7 from a 3-D lattice model simulation with a random
distribution of the minority phase. When the minority phase was ordered and all domains
were accessible to the diffusant, then values of D = 0.3-0.4 were obtained from the
simulation.
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Others have applied percolation theory to water-assisted ion transport in ioncontaining polymers. For proton conductivity in Nafion, a value of D = 1.5 was
obtained,53 while more recently for hydroxide/bicarbonate conductivity in a Tokuyama
A201 anion exchange membrane, a value of D = 1.34 was obtained.54 These values are
similar to the simulated values obtained by Kirkpatrick suggesting a random phaseseparated morphology in these systems, which has been experimentally confirmed with
other techniques. Elabd et al.51 applied percolation theory to proton conductivity in a
block copolymer (sulfonated poly(styrene-isobutylene-styrene) (S-SIBS)) and obtained a
value of D = 0.76. This value suggests a more ordered morphology, where a lamellar
morphology was confirmed with small-angle X-ray scattering. These examples
demonstrate how percolation theory can provide insights into the impact of morphology
on water-assisted ion transport in polymers.
Herein, we apply percolation theory to bromide and hydroxide ion transport in
PIL block copolymers. We define the percolation model as follows:
σ
γ
 PIL W  PIL W,c  D
σ0

(6.11)

where the volume fraction of the minority phase is defined as PIL+W, which includes the
volume of both the PIL domain and the water that ingresses in that domain, and
subsequently, PIL+W,c is the critical volume fraction where percolation occurs. Eq. 6.11
differs slightly from others, where only the ingressed water was used as the volume
fraction of the minority phase in other reports. Here, we include both the conducting
phase (PIL domain) and the ingressed water in the volume fraction of the minority phase.
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As described previously, PIL+W,c can be determined from a plot of ion
conductivity versus minority phase volume fraction ( PIL+W). For example, Figure 6.12a
shows a semi-log plot of bromide conductivity versus the volume fraction of the
conducting phase (PIL+W) for the four different compositions of PIL block copolymers at
80 °C and 90% RH. The homopolymer control is indicated on the graph with a
morphology factor of 1.0. The critical volume fraction can be determined from the xintercept of a power law regression to the block copolymer data in Figure 6.12a, which
was used to produce Figure 6.12b: a log-log plot of bromide conductivity versus excess
volume fraction ((PIL+W PIL+W,c) at these same conditions). The inherent conductivity,
σ0, and the critical exponent for diffusion, D, were determined from regression of the
data (Figure 6.12b) to Eq. 6.10 as the intercept and slope, respectively. Table 6.3 lists all
the values obtained from the percolation model for the bromide- and hydroxideconducting block copolymers at all temperatures: 30, 40, 50, 60, 70, and 80 °C. The
average critical exponents for diffusion, D, for all temperatures for the bromide- and
hydroxide-conducting block copolymers are 0.59 and 0.81, respectively. These values are
similar to those obtained from previous work on water-assisted proton conductivity in a
block copolymer,51 which suggests a more ordered morphology and therefore
corroborates with the experimental morphology results in this study (Figure 6.4 and
Figure 6.8).
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Figure 6.12. Ionic conductivity versus (a) volume fraction of the conducting phase
(ϕPIL+W) and (b) excess volume fraction for poly(MMA-b-MEBIm-Br) and poly(MEBImBr) at 80 °C and 90% RH. Lines correspond to regressions to Eq. 6.11.
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Table 6.3. Percolation Results for Bromide- and Hydroxide-Conducting PIL Block
Copolymers.
PIL Block Copolymers
Poly(MMA-b-MEBIm-Br)

Poly(MMA-b-MEBIm-OH)

a

At 90% RH.

b

T
( C)a
30
40
50
60
70
80

PIL+W,C

30
40
50
60
70
80

○

Critical Exponent,

σ0/σHPb

0.24
0.24
0.24
0.25
0.25
0.23

σ0
(mS cm-1)
2.67
4.21
5.93
7.32
8.80
13.98

0.63
0.62
0.64
0.51
0.47
0.65

3.05
3.34
3.19
3.12
3.00
3.93

0.25
0.25
0.25
0.24
0.23
0.21

10.88
16.11
35.65
42.98
82.55
66.41

0.58
0.56
0.85
0.78
1.13
0.93

1.98
2.14
4.31
3.85
6.20
4.34

D

Ratio of the inherent conductivity to the measured PIL homopolymer

conductivity.

More interesting are the values of inherent conductivity obtained from the
percolation model, listed in Table 6.3. Specifically, the ratio of the inherent conductivity
to the measured PIL homopolymer conductivity, σ0/σHP, was on average 3.27 and 3.80 for
all temperatures at 90% RH for the bromide- and hydroxide-conducting block
copolymers, respectively. As explained previously, if the confinement of the PIL domain
with a block copolymer has no detrimental or enhancing effect on conductivity then the
inherent conductivity determined from percolation theory should match the measured PIL
homopolymer conductivity. These results suggest that the confinement of the PIL
domains within the phase-separated block copolymer morphology enhances ion transport
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over that of the bulk PIL homopolymer. Furthermore, the 3 to 4-fold enhancement in ion
conductivity determined from percolation theory corroborates with both the absolute
conductivity results (block copolymer higher conductivity than analogous homopolymer)
and the morphology factor analysis. It is possible that block copolymers with higher longrange periodic order and different ionic domain sizes may result in even higher
enhancements in conductivity. Overall, these results show that confinement has a
significant enhancement effect on conductivity in PIL block copolymers and percolation
theory provides valuable insights into quantifying this enhancement effect and on
conductivity-morphology relationships in general.

6.5.

Conclusions
A series of bromide- and hydroxide-conducting PIL diblock copolymers,

poly(MMA-b-MEBIm-Br)

and

poly(MMA-b-MEBIm-OH),

respectively,

were

synthesized at various PIL compositions via reversible addition-fragmentation chain
transfer polymerization. High conductivities in the PIL block copolymers were reported;
for example, the bromide and hydroxide conductivities with increasing PIL composition
(6.6, 11.9, 17.3, and 26.5 mol%) at 90% RH and 80 °C were 1.33 and 3.89 mS cm-1, 4.35
and 7.60 mS cm-1, 5.67 and 25.46 mS cm-1, and 7.64 and 25.01 mS cm-1, respectively.
Under various conditions, especially at high humidity, higher conductivities were
observed in the three highest composition PIL block copolymers compared to the
analogous PIL homopolymer, despite the significantly higher IEC and water content of
the homopolymer. The PIL block copolymers exhibited microphase-separated
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morphologies, where the confinement of the PIL microdomain within the block
copolymer may contribute to these unusually high conductivities. The results from both
morphology factor analysis and percolation theory corroborate with these findings and
further support this hypothesis. In the future, percolation theory may be an effective tool
to optimize the synthesis and design of block copolymers with enhanced ion transport.
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Chapter 7
Conclusions and Future Work

7.1.

Conclusions
In this dissertation, fundamental understanding of ion transport in ionic liquid-

containing polymers and block copolymers was gained through systematic studies of
structure-property relationships. It was shown that ion transport in polymerized ionic
liquid (PIL) homopolymers is heavily dictated by segmental motion and that by tuning
the polymer and anion chemistry, segmental motion and ionic conductivity can be
dramatically increased. Furthermore, it was found that the nanoscale segregation of polar
and non-polar moieties in PIL homopolymers is detrimental for ionic conductivity. In
ionic liquid-containing block copolymers, microdomain orientation and connectivity, as
well as microphase separation of ion-conducting and insulating segments, must be
critically considered to optimize ionic conductivity. Microphase separation and
confinement of polymer segments also lead to a different ion transport mechanism in
block copolymers compared to homopolymers, and drastically different ionic
conductivities are observed that cannot be reconciled with commonly used models.
Dynamic heterogeneity caused by insulating segments and ion concentration gradients is
proposed to explain the ion transport mechanism in these block copolymers. Additional
work is needed to further distinguish the ion transport mechanisms of ionic liquidcontaining block copolymers and homopolymers. In this chapter, the conclusions of the
previous chapters are summarized and future research directions are considered.
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In Chapters 2 and 3, the morphology-conductivity relationships of imidazoliumbased polymerized ionic liquid homopolymers were characterized. Chapter 2 described
the effects of counterion type and alkyl pendant length on the morphology, ion
conduction,

and

dielectric

properties

of

polymerized

imidazolium

acrylate

homopolymers. Ionomers with TFSI- (also denoted Tf2N-) counterions exhibited less ion
aggregation, lower glass transition temperatures, and higher ionic conductivities than
their PF6- counterparts. This was attributed to anion size, wherein the larger size of TFSIresulted in weaker Coulombic interactions. Polymers with n-butyl pendant groups
exhibited greater facility for ion rearrangement and a lower tendency to form ionic
aggregates compared to n-dodecyl pendant groups. This was deduced from X-ray
scattering data and dielectric measurements, where polymers with n-butyl pendants had
lower-intensity ionic aggregate correlation scattering peaks, significantly larger dielectric
constants, and higher mobilities of simultaneously conducting ions. The temperature
dependences of the conducting ion concentration, ion mobility, ionic conductivity, ion
motion, and polymer segmental motion were characterized using electrode polarization
analysis.

Ionic

conductivity

exhibited

a

Vogel-Fulcher-Tammann

temperature

dependence and was found to be strongly correlated with the cooperative motion of ions
and polymer segments. Shorter alkyl side chains had more chain ends per unit volume
and weaker microphase separation that both contributed to less ionic aggregation and
better ion conductivity.
In Chapter 3, it was found that decreasing the compositional heterogeneity of
polar and non-polar moieties in alkyl-substituted 1-vinylimidazolium polymerized ionic
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liquid homopolymers resulted in an increase in ionic conductivity by an order of
magnitude. The incorporation of a hydroxyl group to the end of alkyl pendant groups
decreased the glass transition temperature by ~50 ºC and increased the thermal stability.
This was observed for all investigated alkyl pendant group lengths (ethyl to octyl) and
both Br- and TFSI- counterions. The glass transition temperature was also found to
decrease with increasing alkyl pendant length, from ethyl to octyl, and upon changing the
counterion from Br- to TFSI-. X-ray scattering revealed three characteristic lengthscales
for alkyl and hydroxyalkyl imidazolium polymers: backbone-to-backbone, anion-toanion, and pendant-to-pendant spacings. Nanoscale ordering caused by the segregation of
non-polar alkyl pendant groups and polar ionic liquid substituents, indicated in scattering
data by the intensity and width of the backbone-to-backbone correlation peak, was
observed to increase with increasing pendant length. In contrast, the covalent attachment
of hydroxyl groups led to decreased segregation of polar and non-polar substituents
compared to alkyl analogues, indicated by broadening of X-ray scattering features and a
decrease in the average backbone-to-backbone distance. Hydrogen bonding between
imidazolium and hydroxyl groups facilitated the disruption of compositionally
heterogeneous domains. This decrease in local order was also quantified by NMR.
Impedance measurements confirmed that the ionic conductivity of hydroxyalkyl
imidazolium polymers was ten times greater than their alkyl imidazolium counterparts.
The plasticization of polymer segments, combined with the reduction in compositional
heterogeneity in hydroxyl-containing PILs, improved the ionic conductivity by half an
order to an order of magnitude. This study demonstrated that the incorporation of polar
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functional groups and diminished segregation of non-polar and polar substituents led to
optimized ion transport in alkyl imidazolium homopolymers.
In Chapter 4, the structure-property relationships of non-ionic, lamellar PS-bPMMA diblock copolymers mixed with an ionic liquid were assessed. Strongly
microphase separated lamellar morphologies were observed, and morphology factors
describing the extent of anisotropy were determined from SAXS measurements. The IL
content, microdomain orientation, and molecular weight strongly influence the ionic
conductivity in these materials. Increased ionic conductivity was observed for increased
IL content and when lamellar microdomains were aligned parallel to the ion transport
measurement direction. Higher ionic conductivities were also observed for the higher
molecular weight diblock copolymer/IL mixture. Self-consistent field theory calculations
were used to determine the origin of this molecular weight dependence, and it was shown
that the higher molecular weight had a more uniform IL distribution within PMMA
microdomains and lower relative interfacial widths of PS-PMMA interfaces. These
findings suggested that composition and dynamic gradients are detrimental to ionic
conductivity

in

IL-containing

block

copolymer

systems.

Finally,

the

block

copolymer/ionic liquid mixtures exhibited ionic conductivities over an order of
magnitude lower than analogous homopolymer/IL mixtures, suggesting that the effects of
microphase separation, composition gradients, and defects cannot be ignored.
In Chapters 5 and 6, it was revealed that the morphology, PIL volume fraction,
water content, and confinement of PIL segments dictate the ionic conductivity of
hydrophilic PIL block copolymers. Block copolymers were also shown to have superior
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conductivities to their homopolymer counterparts at 90% relative humidity (RH). In
Chapter 5, the in situ morphology, water uptake, and ionic conductivity of PMMA-PIL
block and random copolymers with bromide (Br-) and hydroxide (OH-) counteranions
were characterized as a function of RH and temperature. It was determined that the block
copolymers were microphase separated, whereas the random copolymers were not
microphase separated. Block copolymer morphology and segregation strength were
dictated by the counteranion. Water uptake measurements showed that block and random
copolymers with a fixed PIL composition absorbed the same weight percent of water,
despite their drastically different structures. This indicated that water uptake in these
copolymers was governed by the volume fraction of hydrophilic PIL, rather than the
monomeric sequence. Ionic conductivity was found to be highly dependent on the water
content, morphology, and anion type. A dramatic improvement in conductivity was
observed for all polymers as water content was increased, consistent with a water-assisted
ion transport mechanism. The conductivity of the block copolymers was consistently 1 to
1.5 orders of magnitude greater than that of random copolymers, demonstrating that
microphase separated PIL microdomains with a locally higher ion concentration were
beneficial for ion transport. At 30 ○C and less than 90% RH, the conductivity of the
homopolymer was greater than that of both block and random copolymers. Surprisingly,
at 90 %RH, the ionic conductivity of the block copolymer surpassed that of the
homopolymer, both for Br- and OH-containing polymers, despite the significantly higher
PIL volume fraction and water content of the homopolymer. It was posited that
nanostructured block copolymers exhibited confinement of PIL chains and water, which
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contributed to accelerated ion transport. Higher ionic conductivities were observed for
OH-containing polymers compared to their Br-containing counterparts. These findings
indicated that morphology and confinement strongly influence ionic conductivity in these
hydrated PIL block copolymers.
In Chapter 6, the ion transport mechanism in PIL block copolymers was further
interrogated by investigating the effect of copolymer composition on morphology, water
uptake, and ionic conductivity of Br- and OH-containing PIL block copolymers. The SaxOttino model and percolation theory were also both employed to quantify the inherent
conductivities of PIL microdomains. In situ SAXS indicated microphase separated
morphologies for all block copolymers with compositions ranging from 16 to 53 vol%
PIL. Strongly microphase separated morphologies and lamellar morphologies were
observed for Br-containing block copolymers, whereas all OH-containing block
copolymers exhibited weakly microphase separated morphologies. The domain spacing
was found to increase with increasing PIL and water content for both counterion types.
Water uptake also increased with increasing PIL volume fraction. At 90% RH, higher
ionic conductivities were observed in several block copolymers compared to
homopolymer counterparts, despite the higher ion and water contents of the
homopolymer. Br-containing block copolymers with > 29 vol% PIL and OH-containing
block copolymers with > 36 vol% PIL exhibited enhanced conductivities compared to
homopolymers at the same RH and temperature. Further analyses of these ionic
conductivity results were pursued to understand the water-assisted ion transport
mechanism in PIL block copolymers. Morphology factors ranging from 1 to 3.5 were
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calculated using the Sax-Ottino model, suggesting that ion transport in hydrated PIL
microdomains is comparable to or more rapid than in homopolymers at the same RH and
temperature. Percolation theory also estimated the inherent conductivities of PIL
microdomains using composition-dependent conductivity data. PIL microdomains were
shown to have ~3-4 times greater conductivities than analogous homopolymer systems.
This study advanced the understanding of morphology-conductivity relationships in PIL
block copolymers, showing that accelerated water-assisted ion transport was enabled by
the formation of microphase separated, nanoscale PIL domains.

7.2.

Future Work

7.2.1. Ion Concentration Profile in Non-Ionic Block Copolymer/Ionic Liquid Mixtures
and Polymerized Ionic Liquid Block Copolymers
In Chapter 4, it was shown that the ionic conductivity of diblock copolymer/ionic
liquid mixtures is heavily dependent on the block copolymer molecular weight and the
distribution of ionic liquid within the microdomain. In Chapters 5 and 6, it was proposed
that the confinement of PIL segments and water molecules resulted in a different ion
transport mechanism compared to homopolymers. Further investigation is needed to
assess the ion concentration profiles in these systems, understand the underlying causes
of ion concentration gradients in microdomains, and integrate these concepts with the
understanding of the ion transport mechanism in diblock copolymers.
Concentration gradients in block copolymer/salt mixtures and block copolymer
ionic liquid mixtures have been experimentally probed through elemental mapping,
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imaging, and X-ray photoelectron spectroscopy (XPS). Gomez et al. interrogated the
morphology of lamellar SEO/LiTFSI block copolymers using energy-filtered
transmission electron microscopy (EFTEM) and found that there was a concentration
gradient of ions within PEO/salt domains.1 Electron energy loss spectra (EELS) and
elemental signals from Li and F were used to determine the distribution of LiTFSI
throughout the sample, and it was shown that Li salt was non-uniformly distributed in
PEO/salt microdomains. The ions became increasingly localized in the centers of
PEO/salt domains with increasing molecular weight of PEO due to increased chain
stretching and decreased coordination between Li and PEO. Noro et al. observed
concentration gradients in lamellar ionic liquid-containing PS-b-P2VP thin films using
bright-field TEM imaging.2 High-magnification TEM images (Figure 7.1) showed nonuniform contrast in P2VP/ionic liquid microdomains, which was attributed to the
heterogeneous partitioning of ionic liquid within P2VP microdomains. Gilbert et al.
studied the salt concentration profiles of poly(styrene-b-oligo(oxyethylene)methacrylate)
(PS-b-POEM)/lithium trifluoromethanesulfonate (LiTfO) mixtures by cluster-ion
sputtering and X-ray photoelectron spectroscopy.3 Lamellar thin film PS-b-POEM
samples were etched by C60+ cluster ions to expose individual layers, followed by
elemental characterization by XPS. POEM concentration profiles were determined from
C1s and O1s signals, while Li salt concentration profiles were probed by collecting O1s,
F1s, and Li1s signals. In contrast to linear PS-b-PEO diblock copolymer/Li salt mixtures,
a uniform salt distribution was observed in POEM microdomains in these PEO-grafted
block copolymers. XPS profiles (Figure 7.2) show that after scaling the F1s signal (pink
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circles) to account for the difference between POEM and Li salt concentrations, the F1s
signal (pink stars) is strongly correlated with the POEM O1s and C1s signals (red and
blue stars, respectively).
These techniques can be used to experimentally measure the concentration
profiles of non-ionic block copolymer/ionic liquid mixtures and PIL block copolymers.
For non-ionic block copolymer/ionic liquid mixtures, the block copolymer chemistry can
be varied to examine the effect of chain flexibility. Several ionic liquids can be explored,
and through varying the cation alkyl chain length, cation charge center, and anion
symmetry, the effect of IL charge distribution on the IL concentration profile can be
studied. The effect of tuning the miscibility between the block copolymer segments can
be investigated by studying a variety of block copolymer/IL mixtures and also a wider
range of molecular weights. Different morphologies, in addition to lamellar, can also be
studied to elucidate the effect of interfacial curvature on the concentration profile. To
characterize the concentration profiles of hydrated PIL block copolymers, thin film
samples can be swollen with D2O and characterized using neutron reflectivity. The water
content, PIL volume fraction, and block copolymer molecular weight can be varied to
study how the water-to-ion molar ratio (hydration number) and chain length affect the
distribution of water and ions in the microdomain. By characterizing IL concentration
profiles in different diblock copolymer/ionic liquid and PIL block copolymer systems, a
more comprehensive understanding of the ion transport mechanism in block copolymers
will be achieved.
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The concentration profiles calculated by SCFT in Chapter 4 utilized
thermodynamic parameters analogous to a diblock copolymer/selective solvent mixture;
however, Coulombic interactions were neglected. Although the investigated PS-bPMMA/ionic liquid mixtures were charge neutral, electrostatic interactions between ions
greatly increased the degree of PMMA chain stretching and the immiscibility between PS
and PMMA. Virgili et al. verified that the degree of chain stretching in PS-bP2VP/imidazolium TFSI

mixtures exceeded that observed in mixtures of diblock

copolymers and selective non-ionic molecular solvents.4 Accounting for Coulombic
interactions will improve the accuracy of field theory-determined concentration profiles
for diblock copolymer/ionic liquid mixtures. The charge density can also be varied to
investigate how charge delocalization in ionic liquids impacts microphase separation of
diblock segments and IL distribution in block copolymer microdomains.
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Figure 7.1. TEM images of (a, c) neat PS-b-P2VP and (b, d) ionic liquid-containing PSb-P2VP thin films, showing that the IL distribution is non-uniform. Dark lamellae
correspond to P2VP, stained with iodine, and light lamellae correspond to PS. Used with
permission from Reference 2. Copyright 2014 American Chemical Society.
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Figure 7.2. XPS depth profiles of lamellar PS-b-POEM mixed with LiTfO, showing
atomic concentrations of C, O, F, and Li as a function of sample depth. In the bottom
plot, the F1S signal (pink stars) was scaled by the molar ratio of POEM to LiTfO. Used
with permission from Reference 3. Copyright 2015 American Chemical Society.

7.2.2. Dynamic Heterogeneity in Block Copolymers
It is necessary to examine the causes of dynamic heterogeneity and the effect on
ion transport in block copolymers to further develop understanding of the ion transport
mechanism. In Chapter 4, the influence of dynamic heterogeneity on ionic conductivity in
PS-b-PMMA/IL systems was discussed. Broad glass transition temperatures were
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observed for the PMMA/IL microdomain, indicative of dynamic heterogeneity. IL
concentration gradients and covalent bonding of PMMA and PS segments are likely to
result in heterogeneous dynamics in PMMA/IL microdomains that affect ion transport. In
addition, the local environment of IL-containing microdomains is likely very different
from that of homopolymer/IL mixtures. To move beyond the simple assumption that ioncontaining microdomains and their analogous homopolymers have equal inherent
conductivities, precise measurements of polymer and ion dynamics are necessary.
Using techniques such as quasi-elastic neutron scattering and dielectric relaxation
spectroscopy, the dynamics of neat and IL-containing block copolymer systems can be
carefully characterized and compared to homopolymer systems. The effects of molecular
weight, IL content, IL type, and block copolymer architecture on the polymer segmental
motion and cooperative motion of ions can be investigated. In the previous section, the
impact of these variables on the ion concentration profile was discussed. Polymer
segmental dynamics and ion relaxation dynamics are closely related to the distribution of
ions in microdomains, and thus dynamic heterogeneity and compositional heterogeneity
are coupled. Heterogeneous dynamics in IL-containing microdomains are more likely for
lower molecular weight, higher IL content, and for ILs that have a lower tendency to selfaggregate. Dynamic measurements should also be correlated with morphology and ionic
conductivity experiments to establish the relationship between dynamic gradients,
structure, and ion transport. In Chapters 2 and 3, the segregation of non-polar and polar
substituents in PILs was determined to be unfavorable for ionic conductivity. Studies that
connect the morphology, dynamics, and ion conduction in IL-containing block
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copolymers will clarify whether this principle extends to block copolymers as well. The
insight gained through probing the dynamic heterogeneity in IL-containing block
copolymers will be valuable for optimizing the ionic conductivities of these systems.

7.2.3. Effect of Grain Boundaries on Ion Transport in Block Copolymers
The influence of grain boundaries on ion conduction in block copolymers has not
been widely investigated. Grain boundaries are formed between coherently ordered
microdomains with different orientations during solvent casting and annealing of block
copolymer samples, and chain stretching is enhanced at grain boundaries due to
interfacial curvature and compression of microdomains.5-8 Chain stretching is likely to
affect ion transport near grain boundaries due to the strong coupling of polymer
segmental relaxation and ion conduction. A few studies have observed increased ionic
conductivity in block copolymers with smaller grains, poorly ordered microdomains, and
increased concentration of grain boundaries, suggesting that ion transport through grain
boundaries is more rapid than through coherently ordered conductive microdomains.9-11
However, these reports compared the ionic conductivities of unannealed block
copolymer/salt mixtures having poorly ordered, non-equilibrium structures with annealed
mixtures exhibiting long-range order. The impact of grain boundaries and grain size on
ion transport should be measured for ion-containing block copolymers exhibiting their
equilibrium morphology, with comparable degrees of microphase separation. By varying
processing conditions such as solvent evaporation time and annealing temperature and
time, it is possible to tune the grain size of ion-containing block copolymers. The grain
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size can be quantified through polarized light microscopy or electron microscopy. The
ion distribution near grain boundaries can also be assessed using EFTEM or TEM, as
described in Section 7.2.1. Molecular weight, copolymer segment miscibility, and IL
content can be varied to understand the effect of these parameters on the grain structure
and IL distribution near grain boundaries. An advanced understanding of structureproperty relationships in ion-containing block copolymers will be achieved by exploring
how grain boundaries influence the distribution of ions and ion transport in block
copolymers, enabling improvements in the design of these materials for various
applications.
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Appendix A
Supporting Information for Chapter 4

Figure A.1. Derivative reversing heat flow signals determined from modulated DSC for
PMMA/IL, SM-Low/IL, and SM-High/IL mixtures at wIL = 0.24, 0.48. Data are fit with a
Lorentzian model.
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Figure A.2. Derivative reversing heat flow signals determined from modulated DSC for
PMMA/IL, SM-Low/IL, and SM-High/IL mixtures at wIL = 0.61, 0.69. Data are fit with a
Lorentzian model.
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Figure A.3. Ionic conductivity as a function of inverse temperature and microdomain
orientation for SM-Low/IL (●) and SM-High/IL (■) mixtures at various compositions,
wIL = (a) 0.24, (b) 0.61, and (c) 0.69. Corresponding fx and fz values indicated are
indicated on the plots. Conductivities of PMMA/IL mixtures (♦) are shown for
comparison.

Figure A.4. Ionic conductivity (σz) as a function of inverse temperature and molecular
weight for SM/IL mixtures at various compositions, wIL = (a) 0.24, (b) 0.48, (c) 0.61, and
(d) 0.69. Conductivities of PMMA/IL mixtures (♦) are shown for comparison.
300

Figure A.5. Ionic conductivity (σz) as a function of inverse temperature normalized by
Tg,PMMA/IL for SM-Low/IL (●), SM-High/IL (■), and PMMA/IL (♦) mixtures at various
compositions, wIL = (a) 0.24, (b) 0.48, (c) 0.61, and (d) 0.69.
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